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Abstract
Solar is a particularly promising sustainable energy source in terms of its potential
to displace the burning of fossil fuels for heat and power, heating and even cooling,
albeit at a cost. The sun load-factor profile has a close and predictable match to
the daily varying energy demand for heat and electricity, both thermal and electrical,
and thermal storage for periods of low irradiance can be made readily available. In
addition, solar thermal technologies can provide a significant fraction of the hot water
demand in households, as well as space heating and cooling in residential buildings
and for industrial facilities. In fact, solar heating has been proposed as one of the
leading solutions in terms of its potential for greenhouse gas abatement [1]. At the
small scale, photovoltaic systems presently dominate the domestic solar market with
solar to electrical conversion efficiencies of around 15% and at a competitive cost for
the building owner. Solar photovoltaic installations were encouraged in Europe at
the local level with financial support and now constitute a large and mature market
with continuously falling prices. Solar thermal systems are able to make use of a
larger proportion of the solar resource as they convert solar energy into heat with a
higher efficiency than the PV conversion efficiency. Moreover, the low temperature
heat may be used to satisfying the largest portion of the demand for thermal energy
that is currently met by fossil fuels. The development of the solar thermal market
is strongly dependent on the availability of the local irradiance level and on the cost
of the alternative sources of thermal energy. In some countries in Europe the solar
thermal market is quite mature (e.g. Austria), whilst in others, such as in the UK,
solar thermal energy still contributes marginally to the energy mix and solar thermal
systems are not yet cost competitive. Due to the high costs of solar thermal energy
systems, these constitute a relatively small market at present with the potential to
grow substantially in the near future.
A competitive solution for energy (heat and power) provision in buildings is the
development of combined solar photovoltaic/thermal (PVT) systems which produce
both electricity and heat simultaneously from the same aperture area. This solution
v
is particularly suited to residential applications in urban areas, where the demand for
electricity is accompanied by a demand for low temperature heat, and space for solar
installations is scarce. Many alternative technologies for PVT integration exist and
PVT units can be coupled with various systems for domestic hot water generation
and/or space heating. At the design stage of a PVT system, decisions have to be made
on the absorber characteristics (consisting of thermal collector and PV laminate), on
the thermal to electrical yield ratio and on the application (industrial or residential
application, stand alone or grid connected). These design parameters influence the
requirements on the fluid temperature and electricity output, and the overall efficiency.
In addition, system control can significantly impact the potential of such systems in
terms of their performance characteristics in different applications.
The aim of this present research effort was to demonstrate the technical and prac-
tical feasibility of a novel, high-efficiency hybrid PVT water system, by considering
an affordable, small-scale, modular unit that can be scaled easily to cater to varying
demand levels. The research investigated the technical issues related to PVT panel
technology, by looking in particular at the optical efficiency of the PV cells, at the
heat transfer from the PV cells to the fluid, and at the integration of such a unit in a
heat and power provision system that attempts to match generation and local demand.
A detailed numerical model was developed that constitutes a tool for testing various
collector and system designs. The model was validated against experimental data. An
experimental apparatus was designed and constructed for the purpose of evaluating the
collector model and for collecting a database of performance data on PVT collectors.
Collector performance data are scarce at the moment due to the relatively small mar-
ket size, thus the work constitutes a reference for further development and analysis of
this type of collectors. Steady-state tests and dynamic tests were performed on PVT
collectors and the results were used to develop a reliable model of collector performance
over a wide range of time-varying operating conditions.
The model allowed for assessments of various solar PVT system designs under
different operating conditions and control strategies. Result showed that such systems
may underperform if their operation and design is not designed specifically for the local
weather conditions and user-demand specific requirements.
vi
It is envisaged that emissivity control applied to the solar cells should be adopted for
PVT system application, especially if higher operating temperatures are required (e.g.
in combination with thermally driven/heat powered cooling systems). The numerical
model confirms that solar cells a with low emissivity coating can maximise the thermal
energy output of a PVT system. The potential of improved PVT systems is finally
assessed from an economic perspective, in an analysis that considers the potential cost
reduction of PVT systems in relation to alternative technologies used as a benchmark.
vii
Acknowledgement
Voglio ringraziare Mamma, papà e Davide. Mi avete sempre incoraggiato, dato fidu-
cia, e spinto a superare i miei limiti. Gran parte di questo lavoro e di tutto quello che
ho fatto fino ad ora è grazie al vostro aiuto. Ringrazio anche la mia famiglia che mi
è stata sempre vicina nonostante la lontananza e ha sempre creduto in me: gli zii, i
cugini, Gabriele e Francesco. E le amiche della mamma che mi hanno festeggiato ad
ogni traguardo raggiunto: Allegrina, Pina e Secondina.
Claudio, thank you for supporting me always, making me happy every single day.
I love you.
My dear friends from the CEP group and office mates, I will take with me many
good memories. James, we share a large part of this and other works and I could al-
ways count on you. Then Niccoló, Ajay, Christoph, Aly, Jay, Niyi, Paul, Maria Anna,
Ivan, Mike, Alexandros, Martin, Richard, Alex, Diego, Alessandra, Angelo, Martina,
Alba, Maria.
Thanks to Professor Kalogirou and Rafaella for having me in Limassol and for the
good times there.
Thank you Christos and Ned for the trust, the support and for inspiring me dur-
ing the difficult times of our work. It was a great experience to be working with you.
I would also like to acknowledge the EU Climate-KIC <http://www.climate-kic.org>
for my PhD studentship. Data supporting this thesis can be obtained on request from
cep-lab@imperial.ac.uk.
viii
Contents
List of figures xix
List of tables xxii
Nomenclature xxiii
1 Introduction 1
1.1 Current status of the solar energy market . . . . . . . . . . . . . . . . . 2
1.2 Barriers and opportunities . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Aim and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2 Background 13
2.1 Temperature dependence of electrical conversion efficiency . . . . . . . 15
2.2 Design considerations for PVT modules . . . . . . . . . . . . . . . . . . 17
2.3 Potential performance enhancement of PVT collectors with solar cell
emissivity control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 Non concentrating PVT and solar thermal applications . . . . . . . . . 30
2.4.1 Domestic heating and hot water preparation . . . . . . . . . . . 31
2.4.2 Solar cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.5 Performance enhancement of solar thermal and PVT systems with ad-
vanced control strategies . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3 Numerical model for PVT collectors 38
3.1 Modelling overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 Glass cover energy balance . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3 PV module energy balance . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.4 Thermal absorber energy balance . . . . . . . . . . . . . . . . . . . . . 50
3.5 Pipe and fluid energy balance . . . . . . . . . . . . . . . . . . . . . . . 51
3.6 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
ix
3.7 Calculation of solar incidence angle . . . . . . . . . . . . . . . . . . . . 52
3.8 Energy performance of a PVT module . . . . . . . . . . . . . . . . . . 54
4 Numerical model for solar PVT systems 55
4.1 System definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.1.1 Collector array configuration . . . . . . . . . . . . . . . . . . . . 56
4.1.2 Numerical model of a stratified tank . . . . . . . . . . . . . . . 58
4.1.3 Numerical model of a fully mixed storage tank . . . . . . . . . . 60
4.2 System performance indicators . . . . . . . . . . . . . . . . . . . . . . . 61
5 Experimental tests of PVT collectors 63
5.1 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.1.1 Error analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.1.2 Steady state characterization . . . . . . . . . . . . . . . . . . . 69
5.1.3 Dynamic characterization . . . . . . . . . . . . . . . . . . . . . 69
5.1.4 Calculation of the electrical efficiency . . . . . . . . . . . . . . . 71
5.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2.1 Steady-state test results . . . . . . . . . . . . . . . . . . . . . . 71
5.2.2 Dynamic characterization of PVT modules . . . . . . . . . . . . 80
5.3 Daily performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3.1 Daily monitoring of thermal energy generated . . . . . . . . . . 84
5.3.2 Daily monitoring of electricity generated . . . . . . . . . . . . . 87
5.4 Summary and further discussion . . . . . . . . . . . . . . . . . . . . . . 93
6 Collector model validation and parametric analysis 96
6.1 Model validation against experimental data . . . . . . . . . . . . . . . . 96
6.1.1 Steady state validation . . . . . . . . . . . . . . . . . . . . . . . 96
6.1.2 Dynamic validation . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.2 Variation of the thermal efficiency with design parameters and operating
parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.2.1 Fin width to diameter ratio . . . . . . . . . . . . . . . . . . . . 105
6.2.2 Glass covers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
x
6.2.3 PV covering factor . . . . . . . . . . . . . . . . . . . . . . . . . 110
6.2.4 Flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.3 Radiative losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.4 Summary and further discussion . . . . . . . . . . . . . . . . . . . . . . 115
7 Analysis of the operation of a PVT system 117
7.1 System configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.2 High resolution input data . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.2.1 Weather conditions . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.2.2 Hot water demand data . . . . . . . . . . . . . . . . . . . . . . 122
7.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
7.4 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
7.4.1 Time resolution of input data . . . . . . . . . . . . . . . . . . . 129
7.4.2 Tank stratification . . . . . . . . . . . . . . . . . . . . . . . . . 131
7.4.3 Emissivity control of solar cells . . . . . . . . . . . . . . . . . . 132
7.4.4 Control strategies . . . . . . . . . . . . . . . . . . . . . . . . . . 134
7.5 Summary and further discussion . . . . . . . . . . . . . . . . . . . . . . 142
8 Comparative energy and economic analysis of solar systems 145
8.1 Systems definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
8.2 Economic assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
8.3 Annual results and cost analysis . . . . . . . . . . . . . . . . . . . . . . 151
8.4 Sensitivity analysis of economic performance . . . . . . . . . . . . . . . 156
8.5 Summary and further discussion . . . . . . . . . . . . . . . . . . . . . . 162
9 Conclusions and future work 167
9.1 Summary of thesis findings . . . . . . . . . . . . . . . . . . . . . . . . . 168
9.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
Bibliography 174
xi
Appendices 204
A Numerical scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
B Experimental tabulated data . . . . . . . . . . . . . . . . . . . . . . . . 206
B.1 Powertherm module (M1) steady state tests . . . . . . . . . . . 206
B.2 Unglazed module (M2U) steady state tests . . . . . . . . . . . . 208
B.3 Glazed module (M2G) steady state tests . . . . . . . . . . . . . 210
B.4 Glazed module (M2G) with grease steady state tests . . . . . . 212
B.5 Fully covered module (M3) steady state tests . . . . . . . . . . . 214
xii
List of Figures
1.1 Estimated thermal energy demand in US at temperature below 260 ◦C
classified according to the user temperature and application. . . . . . . 5
1.2 Area of solar thermal installed per inhabitant in central Europe. . . . . 6
1.3 Integrated PVT system for electricity, heat and cooling generation. . . 9
2.1 Energy conversion in a PV-silicon PVT device. . . . . . . . . . . . . . . 14
2.2 I − V curve of a solar cell. . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3 Cross section of a single-glazed PVT module. . . . . . . . . . . . . . . . 18
2.4 a) Schematic of the operating principle of a ventilated facade, an air
PVT system integrated in the building walls; b) Example of building
integrated photovoltaic applied to the CIS tower in Manchester. . . . . 19
2.5 Examples of absorber design that can be used for PVT collectors. . . . 20
2.6 a) Schematic of the CPVT developed in Sweden by Mareco; b) Mareco
CPVT system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.7 Heat losses in glazed solar thermal and PVT collectors of various design. 25
2.8 Structure of a standard commercial solar cell. . . . . . . . . . . . . . . 26
2.9 Measured emissivity of a commercial solar cell and measured emissivity
of a commercial solar cell with ITO coating. The ideal emissivity of a
solar cell is also reported. . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.10 Naked Energy evacuated-tubes PVT collector with commercial and ITO-
coated solar cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.11 Thermal efficiency of the Virtu PVT collector. . . . . . . . . . . . . . . 30
2.12 Commercial scale solar thermal systems according to the temperature
of the application. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1 Sketch of the discretization used for the thermal analysis and network
of thermal resistances. . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2 Optics of a single glazed system with opaque and semi-infinite rear layer. 45
3.3 Measured wavelength dependent optical properties of glass. . . . . . . . 47
xiii
3.4 Solar angles diagram. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1 Schematic diagram of a PVT system for the provision of domestic hot
water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2 Schematic of a solar array when the modules are connected in series and
in parallel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3 Heat fluxes at the node j of the stratified water tank. . . . . . . . . . . 58
5.1 Schematic of the closed loop system for PVT testing. . . . . . . . . . . 65
5.2 a) Commercial PVT (M1); b) Unglazed PVT built in house module with
65% covering factor (M2U); c) Glazed PVT module with 100% covering
factor (M3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.3 Experimental steady-state thermal efficiency of M1 with electricity gen-
eration and without electricity generation. . . . . . . . . . . . . . . . . 72
5.4 Thermal efficiency of the glazed and unglazed PVT collectors M2U and
M2G with 65% packing factor. . . . . . . . . . . . . . . . . . . . . . . . 73
5.5 Temperature dependence of the electrical efficiency of the unglazed PVT
collector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.6 Electrical efficiency of the glazed module varying with the incidence angle. 75
5.7 Schematic of a PVT module assembly including the PV module, the
copper fins and pipes and the thermal grease. . . . . . . . . . . . . . . 76
5.8 Detail of the back of the PV module installed in M1. . . . . . . . . . . 76
5.9 Application of the thermal paste on the copper fins of the thermal collector. 77
5.10 a) Electrical efficiency and b) PV temperature plotted against the re-
duced mean temperature to show the effect of applying the thermal grease. 78
5.11 Comparison of the thermal efficiency of the PVT module with 100%
covering factor and with 65% covering factor. . . . . . . . . . . . . . . 79
5.12 Example of step change of incident irradiance on the Powertherm PVT
module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.13 Full day monitoring of M1, M2U and M2G. The measurements corre-
sponds to the data reported in Table 5.7. . . . . . . . . . . . . . . . . . 85
5.14 Cloudy day measurements on M1. . . . . . . . . . . . . . . . . . . . . . 88
xiv
5.15 Daily test on commercial PVT collector for evaluation of the experimen-
tal effective heat capacity performed over a cloudy day. . . . . . . . . . 89
5.16 I − V curve and P − V curve of the Powertherm collector with partial
shading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.17 Daily electricity generation of collector M1. . . . . . . . . . . . . . . . . 91
5.18 Daily electricity generation of collector M2G. . . . . . . . . . . . . . . . 91
5.19 Daily thermal and electrical energy generated during one day with M1
and M2G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.1 Thermal efficiency modelled and experimental data; ∆T modelled and
experimental values plotted against the inlet fluid temperatures Tf-i. . 99
6.2 a) Comparison of the thermal efficiency curve extrapolated from the
experimental data obtained at Aelab with the thermal efficiency curve
extrapolated from the experimental data obtained at Eurofins; b) ther-
mal efficiency modelled and experimental values. . . . . . . . . . . . . . 100
6.3 Variation of the thermal efficiency with the thermal resistance. . . . . . 101
6.4 a) Validation of the numerical model with the steady state experimental
data obtained by Amrizal et al.; b) simulated collector response to a
step increment of the incident irradiance. . . . . . . . . . . . . . . . . . 103
6.5 Experimental fluid outlet temperature recorder during a step variation
of the incident irradiance of the Powertherm module and numerical fluid
temperature calculated for the same input. . . . . . . . . . . . . . . . . 103
6.6 Collector inlet temperature and outlet temperature measured; collector
outlet temperature calculated with the one-dimensional approximation
using two values of C, and calculated with the three-dimensional dy-
namic collector model. . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.7 Collector temperature difference between the inlet and the outlet mea-
sured and compared with the modelling results obtained with the one-
dimensional approximation using two values of C, and calculated with
the three-dimensional dynamic collector model. . . . . . . . . . . . . . 105
xv
6.8 a) Thermal efficiency curve calculated for three collector designs having
a number of pipes between 3, 10 and 130 and the same pipe diameter
D = 8 mm (modelling results); b) thermal and electrical efficiency for a
number of pipes between 1 and 130 and D = 8 mm(modelling results). 106
6.9 Temperature on the PV module calculated at G = 1000 W/m2 and
Ta = 25 ◦C for the collector having a) 7 pipes and b) 65 pipes. . . . . . 107
6.10 Thermal and electrical efficiency for increasing number of glazing. . . . 108
6.11 Thermal efficiency of a single glazed and of an unglazed solar-thermal
collector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.12 a) Thermal efficiency varying with covering factor; b) Fluid temperature
calculated for a covering factor p = 0.5 at inlet temperature of 15 ◦C
plotted against the pipe length L (modelling results). . . . . . . . . . . 111
6.13 a) Thermal performance curve of the collector operating at four flow
rates. The flow rate recommended by the standard for this collector is
0.028 kg/s (100 L/h). b) Effective heat capacity of the PVT collector
in a range of flow rates varying between 2 L/h and 200 L/h (modelling
results). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.14 a) The measured emissivity (absorptivity) of a commercial silicon solar
cell, after coating with a 100 nm ITO film and ideal. b) Thermal ef-
ficiency curve of the single glazed PVT module with commercial cells,
uncoated cells and cells with ideal emissivity. . . . . . . . . . . . . . . . 113
6.15 Comparison of the temperatures and heat losses in a flat plate PVT
collector with and without selective coating. . . . . . . . . . . . . . . . 114
7.1 Irradiance and power spectrum of the irradiance. . . . . . . . . . . . . 121
7.2 Irradiance and power spectrum of the irradiance. . . . . . . . . . . . . 121
7.3 Solar irradiance data at 1-min resolution collected in London in 2014.
Representing three typical sky conditions: clear-sky, cloudy day/high
intermittence, overcast day. . . . . . . . . . . . . . . . . . . . . . . . . 122
xvi
7.4 a) Daily profile of DHW demand for a single family house in the UK and
b) 3-day demand profile of DHW generated with the software DHWcalc
for a single-family house in the UK. . . . . . . . . . . . . . . . . . . . . 124
7.5 Temperature of the solar collector and of the storage tank calculated for
three days having different irradiation level and stability; pump opera-
tion with hot water demand. . . . . . . . . . . . . . . . . . . . . . . . . 125
7.6 Instantaneous electrical efficiency of the PV module compared with the
electrical efficiency at standard conditions in relation to the operating
temperature of the solar cell, the ambient temperature, and the fluid
inlet temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.7 Instantaneous electricity generated compared with the instantaneous de-
mand of electricity during two days of the year. . . . . . . . . . . . . . 128
7.8 Fraction of the thermal energy and the electricity demand covered by
the PVT system each month. . . . . . . . . . . . . . . . . . . . . . . . 128
7.9 Comparison of the fraction of the covered thermal energy demand eval-
uated with 1-min resolution input data and with time-averaged input
data (over 30-min intervals). . . . . . . . . . . . . . . . . . . . . . . . . 130
7.10 Tank stratification at different flow rates after one hour. The tank is
initially fully mixed at 45 ◦C and the heated fluid enters the tank at
Tf-oat the port (at a tank height=1.4 m). . . . . . . . . . . . . . . . . . 132
7.11 Fraction of thermal energy generated and electricity generated for one
year calculated using instantaneous weather data and for standard solar
cells in comparison with solar cells having low emissivity. . . . . . . . 133
7.12 a) Annual thermal fraction provided at different flow rates and for ∆TON
between 0 and 30 K. b)Maximum thermal fraction provided for selected
∆TON. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
7.13 Irradiance and collector operation at different on-off controller settings. 137
7.14 System operation with optimal controller. . . . . . . . . . . . . . . . . 140
7.15 Comparison of the annual thermal fraction for different control strategies.141
xvii
8.1 Schematic of solar thermal and PV systems installed side by side and of
a PVT system of the same area. . . . . . . . . . . . . . . . . . . . . . . 147
8.2 Energy generated during a day in March. . . . . . . . . . . . . . . . . . 152
8.3 a) System cost breakdown of the PV+Thermal and b) of the PVT system
including the hydraulic components, the electrical components and the
collectors. Labour installation costs are not included. . . . . . . . . . . 154
8.4 a) System cumulative costs of the PV+Thermal systems and of the PVT
system plotted with the cumulative costs of the conventional system
which covers the energy need. b) The cumulative costs of the separate
PV system and solar thermal system are compared with the conven-
tional systems for electricity and heating generation. In this analysis
the thermal energy is provided by means of a gas boiler. . . . . . . . . 155
8.5 Comparison of the energy yield of a PV+Thermal system, of a PVT
installation using conventional PVT modules available on the market
(PVT 1) and using the high efficiency PVT modules (PVT 2). . . . . . 157
8.6 Price of electricity since 2011 with price projection. . . . . . . . . . . . 158
8.7 a) System cumulative costs of the PV+Thermal systems and of the PVT
system plotted with the cumulative costs of the conventional system
which covers the energy need. b) The cumulative costs of the separate
PV system and solar thermal system are compared with the conven-
tional systems for electricity and heating generation. In this analysis,
the thermal energy is provided by means of an electric heater. . . . . . 159
8.8 Example of support schemes for solar thermal technologies in Europe. . 166
9.1 a) Solar simulator; b) Front view of the vacuum chamber designed and
built for testing solar cells; c) lid of the chamber with glass window; d)
schematic of the vacuum chamber designed for testing solar cells with
low emissivity coating; e) CFD model of the evacuated chamber. . . . . 173
9.2 a) Pump station of the experimental apparatus for solar collector testing
at the Department of Chemical Engineering, Imperial College London;
b) Virtu collector installed for testing. . . . . . . . . . . . . . . . . . . 174
xviii
A1 Numerical iteration scheme for calculating the collector temperature
from initial conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
xix
List of Tables
3.1 Optical coefficients for double glazed collector. . . . . . . . . . . . . . . 46
5.1 Specifications of the commercial PVT module, of the solar thermal col-
lector and of the thin film module used during the tests. . . . . . . . . 68
5.2 Results of the steady state test on the commercial PVT module M1. . . 72
5.3 Test conditions for the evaluation of the thermal and electrical efficiency
of the glazed and unglazed PVT module with 65% covering factor. . . . 73
5.4 Collectors masses, specific heat capacities and weighting factors accord-
ing to EN12975-2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.5 Effective heat capacity Cwt calculated according to the weighting factor
method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.6 Dynamic test conditions and test results. . . . . . . . . . . . . . . . . . 82
5.7 Daily thermal tests on PVT modules. . . . . . . . . . . . . . . . . . . . 86
5.8 Electrical daily monitoring of electrical performance. . . . . . . . . . . 90
6.1 Characteristics of the Powertherm PVT collector. . . . . . . . . . . . . 97
6.2 Optical and thermal properties of the layers. . . . . . . . . . . . . . . . 97
6.3 Test conditions, experimental results and numerical results of the Pow-
ertherm PVT collector. . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.4 Characteristics of the PVT collector tested by Amrizal et al.. . . . . . . 102
6.5 Temperatures and optical properties of the collectors. The values are
given at: Ta = 25 ◦C, I = 1000 W/m2 and Ti = 15 ◦C. . . . . . . . . . . 108
6.6 Heat losses and useful energy gain for the three configurations of PVT
collectors. The values are given at: Ta = 25 ◦C, I = 1000 W/m2 and
Ti = 15 ◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
7.1 Design parameters of the PVT system. . . . . . . . . . . . . . . . . . . 119
7.2 Comparison of the dynamic and quasi-steady solutions with the same
inputs at 1-min resolution. . . . . . . . . . . . . . . . . . . . . . . . . . 131
xx
7.3 Daily system performance when a fully mixed tank and a stratified tank
are employed in the system. . . . . . . . . . . . . . . . . . . . . . . . . 132
7.4 Daily simulation results for a PVT system operating at 100 L/h and
∆TON = 10 ◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
7.5 Daily simulation results for a PVT system operating with a flow rate
controller that maximises the collector temperature. . . . . . . . . . . . 139
8.1 System specification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
8.2 Economic parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
8.3 Cost of the electrical components of a PV system and of the hydraulic
components of a solar thermal system in the UK during 2016-2017. . . 153
8.4 System cost evaluated for the PV system, the solar thermal system, and
the PVT system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
8.5 System energy performance evaluated for the PV+Thermal system, the
PVT system using conventional collectors and high efficiency PVT col-
lectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
8.6 PVT system and PV+Thermal system designed to operate in Italy and
to cover 60% of the residential thermal energy demand. . . . . . . . . . 161
8.7 CO2 emissions (kgCO2/m2 year) avoided from PVT and PV+Thermal
systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
B1 Thermal steady state test on Powertherm collector (M1) with PV dis-
connected - measured quantities shown in Figure 5.3. . . . . . . . . . . 206
B2 Thermal steady state test on on Powertherm collector (M1) with PV
disconnected - uncertanties of measured and derived quantities shown
in Figure 5.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
B3 Thermal steady state test on Powertherm collector (M1) with PV con-
nected - measured quantities shown in Figure 5.3. . . . . . . . . . . . . 207
B4 Thermal steady state test on on Powertherm collector (M1) with PV
connected - uncertanties of measured and derived quantities shown in
Figure 5.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
xxi
B5 Thermal steady state test on unglazed collector (M2U) - measured quan-
tities shown in Figure 5.4. . . . . . . . . . . . . . . . . . . . . . . . . . 208
B6 Electrical test on unglazed collector (M2U) shown in Figure 5.5. . . . . 209
B7 Thermal steady state test on unglazed collector (M2U) - uncertanties of
measured and derived quantities shown in Figure 5.4. . . . . . . . . . . 209
B8 Thermal steady state test on glazed collector (M2G) - measured quan-
tities shown in Figure 5.4. . . . . . . . . . . . . . . . . . . . . . . . . . 210
B9 Electrical test on glazed collector (M2G) shown in Figure 5.6. . . . . . 210
B10 Thermal steady state test on glazed collector (M2G) - uncertanties of
measured and derived quantities shown in Figure 5.4. . . . . . . . . . . 211
B11 Thermal steady state test on glazed collector (M2G) after grease appli-
cation - measured and derived quantities shown in Figure 5.10. . . . . . 212
B12 Electrical test on glazed collector (M2G) after grease application shown
in Figure 5.10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
B13 Thermal steady state test on glazed collector after grease application
(M2G) - uncertanties of measured and derived quantities shown in Fig-
ure 5.10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
B14 Thermal steady state test on fully covered glazed collector (M3) - mea-
sured and derived quantities shown in Figure 5.11. . . . . . . . . . . . . 214
B15 Electrical test on fully covered glazed collector (M3). . . . . . . . . . . 214
B16 Thermal steady state test on glazed fully covered collector (M3) - un-
certanties of measured and derived quantities shown in Figure 5.11. . . 214
xxii
Nomenclature
A Area (m2)
AA Absorber area (m2)
AG Gross area (m2)
Aa Aperture area (m2)
C Effective heat capacity (J/K)
D Diameter (m)
DH Hydraulic diameter (m)
E Electricity (W)
EEL-A Specific electrical energy (J/m2)
EEL Electrical energy (J)
ETH-A Specific thermal energy (J/m2)
ETH Thermal energy (J)
Eg Band gap energy (eV)
Eg(0) Band gap energy at 0 K (eV)
G Irradiance (W/m2)
H Height (m)
I Current (A)
I0 Dark saturation current (A)
Iλ Gray body emission spectrum (W/m3)
Isc Short circuit current (A)
IMPP Current of the solar cell when it operates at the maximum power (A)
Ibλ Black body emission spectrum (W/m3)
Iiλ Incident spectrum (W/m3)
Ja Preset worth value of annualised cost (£)
Jc Capital cost (£)
L Length (m)
LEC Levelised energy cost (£/kWh)
LPC Levelised production cost (£/kWh)
xxiii
M Mass (kg)
NPV Net present value (£)
NTU Number of transfer units
Nx, Ny Number of nodes
Nd Day of the year
Nu Nusselt number
P Electrical power (W)
PD Electricity demand (W)
PEL Electricity generated (W)
PMPP PV maximum power (W)
Pr Prandtl number
Q Thermal power (W)
R Thermal resistance (m2 K/W)
Ra Raileigh number
Ra Raileight number
Re Reynolds number
Rec Critical Reynolds number
T Temperature (◦C)
T ∗ Reduced temperature (m2 K/W)
T0 PV reference temperature (◦C)
Ta Ambient temperature (◦C)
Tt-m Tank temperature at the start of the day (◦C)
Tt-n Tank temperature at the end of the day (◦C)
TD Demand temperature (◦C)
TPV PV temperature (◦C)
Ta Ambient temperature (◦C)
Tf-i Collector fluid inlet temperature (◦C)
Tf-o Collector fluid outlet temperature (◦C)
Th Temperature at the top of the tank (◦C)
Tmains Mains temperature (◦C)
Tref Temperature at standard conditions (◦C)
xxiv
Tsky Sky temperature (◦C)
U Heat loss coefficient (W/m2 K)
V Voltage (V)
Vg(0) Voltage corresponding to the band gap energy (Eg(0)/q) (V)
VMPP Voltage of the solar cell when it operates at the maximum power (V)
Voc Open circuit voltage (V)
W Fin width (m)
∆TOFF Pump de-activation temperature (K)
∆TON Pump activation temperature (K)
Q˙ Heat flux (W/m2)
m˙ Mass flow rate (kg/s)
m˙c Collector flow rate (kg/s)
Tc Mean collector temperature (◦C)
a1, a2 Collector heat loss coefficients (W/m2 K, W/m2 K2)
c Specific heat capacity (J/kg K)
d Discount rate
d, do Coil inner and outer diameter (m)
fEL Electricity fraction
fTH Thermal fraction
h Convective heat transfer coefficient (W/m2 K)
i Inflation rate
k Thermal conductivity (W/m K)
r Surface reflectance
t Time (s)
u(a) Standard accuracy
uw Wind speed (m/s)
x, y, z Cartesian coordinates
Abbreviations
COP21 Paris Climate Conference
CSP Concentrated solar power
DHW Domestic hot water
xxv
FTIR Fourier transform infrared spectroscopy
IEA International Energy Agency
OECD Organisation for Economic Co-operation and Development
OM Operation and maintenance
PV Photovoltaic
PV+T Photovoltaic and thermal system installed side by side
PVT Hybrid photovoltaic thermal
RHI Domestic renewable heat incentive
Greek symbols
α Absorptance
β Surface tilt angle (rad)
βPV Temperature coefficient (K−1)
γ Tilt angle (rad)
δ Layer thickness (m); Solar declination angle (rad)
 Emissivity
TH Heat exchanger effectiveness
ζ Surface azimuth angle (rad)
η Efficiency
η0 PV efficiency at standard testing conditions
ηEL,T Temperature dependent electrical efficiency
ηEL Electrical efficiency
ηo Optical efficiency
ηref Efficiency at standard conditions
ηTH Thermal efficiency
θ Incidence or transmission angle (rad)
λ Wavelength (m)
ρ Layer reflectance
τ Layer transmittance
φ Local latitude (rad)
ψ Local longitude (rad)
Physical Constants
xxvi
σ Stephan-Boltzmann constant, 5.6704 10−8 W/m2 K4
kB Boltzmann constant, 1.3806488 10−23 J/K
q Electron charge, 1.602 10−19 C
Subscripts
a Ambient
AB Absorber
CD Conduction
CV Convection
dp Dew point
f Fluid
g Glass
gl Adhesive
i Insulation
id indoor
L Losses
l Load
p Pipe
RD Radiation
t Tank
xxvii
Chapter 1
Introduction
Energy policies are in transition worldwide as a consequence of the fluctuating oil prices
experienced in the recent years, the increased demand for energy, a desire for energy
supply security and independence and in response to a global awareness of climate
change. In 1992, The Rio Convention on Climate Change [2] established a framework
for action aimed at limiting the concentration of greenhouse gases (GHG) to a safe
level for the climate system, and in 2015, over 190 countries signed a legally-binding
agreement at the COP21 (Paris Climate Conference [3]) with the intention of keeping
global warming below 2 ◦C. This goal can be achieved on a global level if each country
can mitigate the local emissions fast enough. Renewable and low carbon energy sources
play a major role towards the decarbonization of the energy mix whilst providing green
and sustainable secure energy. It is expected that solar energy will cover a large fraction
of the renewable energy that is required for these, and onther national and international
targets and obligations to be met [4]. Sun is available without geographical restrictions,
small scale distributed solar installations are affordable and can be easily integrated
into the urban environment, where 70% of the global population is expected to be
concentrated by 2060 [5]. Considering that ∼50% of the global energy consumption
is finally used for heating purposes, renewable and solar heat will play a key role in
establishing a clean and sustainable future energy system.
The present research focuses on hybrid solar-thermal technologies that have a high
potential for covering the thermal and electrical demand in the domestic sector. In
particular, hybrid photovoltaic/thermal (PVT) modules are considered in this research
as they make the best use of limited space by generating electricity and heat at the
same time and are suitable for buildings that have a combined demand of heat and
electricity. Today, PVT systems are not yet widely adopted and performance data are
scarce with only few companies producing these modules. In the UK, a few hundreds
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installations can be counted and only some of them are equipped with monitoring
sensors that provide information on the collectors and system performance.
The aim of this thesis is to provide a better understanding of how PVT collectors
and systems operate and how their performance can be enhanced by novel component
designs and system engineering. As part of this project, PVT collectors and systems
have been tested and modelled in detail in order to understand the effect that design and
operating parameters have on the energy performance; aiming to identifying limiting
factors and pathways for innovation.
A detailed modelling strategy for predicting the energy performance of PVT systems
and components of various designs is introduced in Chapter 3 and Chapter 4. Following,
an experimental characterization of PVT collectors is introduced in Chapter 5. The
collector and system energy performance are analysed in Chapter 6 and Chapter 7
and an economic analysis of existing solar technologies can be found in Chapter 8.
The present chapter introduces the market status of small scale solar thermal and
photovoltaic (PV) installations, the general operating principles of a PVT panel, and
a review of the design options and applications for PVT collectors and systems.
1.1 Current status of the solar energy market
Renewable energy sources provided 13.8% of the total World energy supply and 9.4% of
the OECD primary energy supply in 2015. Among the renewable sources, solid biofuels
have the largest global share - mainly due to their non-commercial use in developing
countries - followed by hydropower. Solar energy still remains a small fraction of the
World’s total supply (below 2%) despite having a fast annual growth-rate compared to
other renewable sources (46.2% photovoltaics and 11.7% solar thermal, both on average
since 1990). This growth was made possible by the implementation of national policies
that have supported renewable projects in Europe, and by the Chinese policy of high
subsidies for PV [6, 7]. Nowadays, the renewable energy sector employs 9.5 million
people, among these 3.7 million are employed in the solar sector [8].
Solar energy is an abundant primary energy resource and can be converted into heat
or electricity in a cost competitive and reliable way. The solar resource is predictable on
an annual basis and on a daily basis, thus once a solar system is installed it will generate
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a more predictable amount of energy compared to e.g. wind [9]; Unless tracking systems
are in place, solar systems do not have moving parts and consequently they require low
maintenance with running costs as low as 100 £/year [10]. The components of solar
installations have a very low degradation rate during their lifetime that is generally 20
years [11, 12] and rarely underperform or fail, for example long term field data show
that photovoltaic modules perform a loss in the power output of only 0.5% per year in
average [13], and only 2% of the PV modules installed do not meet the manufacturers
warranty after 10 years [14].
Solar energy can be exploited in various ways for electrical power generation, either
with PV technology or via thermodynamic power cycle in concentrated solar power
(CSP) systems, as well as for heating or cooling. Installed PV capacity worldwide has
reached a record value of 227 GWe, growing annually by 2% on average. The market is
driven by China, Japan and the US, and several countries in Europe have an installed
capacity which covers above 6% of the total demand (Italy 7.8%, Greece 6.5% and
Germany 6.4%) [7] as a result of the strong incentives for solar electricity that have been
adopted in the recent years. The cost of PV modules has been falling [15, 16], and it is
becoming apparent that solar PV will soon become one of the lowest-cost options for
electricity generation. In addition to providing on-grid power that supplants fossil fuel
demand, PV can provide electrification in remote rural areas, particularly in developing
countries, where there is no - or limited - access to an electricity grid. By the end of
2015, several thousand renewables-based mini-grids systems were in operation together
with small scale distributed stand-alone systems [17] and in China, for example, small
scale stand-alone PV systems contributed substantially to the progressive electrification
of areas not yet interconnected to the main electricity grid [6].
Other than electricity, solar energy can be converted into a useful thermal energy
stream with solar thermal collectors heating a flow of water or air. The cumulative
capacity of installed solar water heaters has reached 435 GWth and has so far saved
116.4 million tons of CO2 equivalent [11]. The installed capacity increased by more
than 6% in 2015 despite a market slowdown in China (which accounts for 77% of the
total new installations) and Europe [18].
Electricity is often used for heat generation, often due to simplicity or cost con-
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siderations, or due to the lack of distributed heat provision when the points of heat
generation and consumption are separated by large distances; such transport is lim-
ited in practice with current technology to a few hundred metres owing to high losses
and costs [19]. Solar-thermal technologies are affordable solutions that can be imple-
mented within local energy systems to cover a large fraction of the corresponding heat
demands at high efficiency, low cost and with low associated emissions, therefore en-
abling the emergence of such distributed systems. Solar thermal collectors are mature
proven technologies and are mainly used for low temperature pool heating, hot water,
space heating/cooling and in industrial processes, contributing substantially to the de-
carbonization of the domestic and commerical sectors. In fact, a large portion of the
primary energy demand in OECD countries in the domestic, commercial and industrial
sector is ultimately for heating purposes. In the UK for example the domestic sector
accounts for 53% of the total energy demand and 64% out of this primary energy is
used for space heating [20] and it is provided with conventional energy sources, gas
boilers account for 79% and electric heaters account for 8% [20]. In US space heating
and domestic hot water preparation constitute 20% to the total electricity use in the
residential sectors [21], this amounts to ∼800 kWh/year per person of electricity used
for heating purposes.
Energy for heating and cooling is delivered over a range of temperatures depending
on the application and most of the thermal energy is required at low-medium temper-
ature as shown in Figure 1.1. Fox et al. [22] classified the US end-use thermal energy
demand according to the required temperature; interestingly, most of the thermal en-
ergy consumption occurs at low temperatures and the largest energy use is in the range
of temperatures from 40 ◦C to 60 ◦C, with space and water heating as major contrib-
utors. This is an important characteristic of the demand for heat, because it can be
covered with existing cost-effective technologies for solar heating and cooling (e.g. non
concentrated flat plate collectors). Non concentrated solar energy conversion devices
(the cheapest and simplest option) operate with relatively high efficiency up to 150 ◦C
depending on the technology and on the system operation, covering all applications
from pool heating, domestic hot water preparation, space heating and solar cooling.
Solar thermal technologies can play a leading role in meeting the decarbonisation
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targets set in Europe and beyond. In the IEA Energy Technology Perspectives 2012
[1], solar heating is indicated as having the potential to cover more than 16% of the
final energy use for low-temperature heat in an energy mix scenario that ensure a
global temperature raise below 2 ◦C (2DS scenario) by 2050. In Europe, this translates
into a growth of the solar thermal installed capacity in Europe of 45% by 2020 [18],
setting a challenging target of 1 m2 of collector area installed per European citizen by
2020 and of 1.3 m2 by 2050 [1, 18, 23, 24]. According to the 2DS scenario, by 2050
the global solar heat capacity should reach 7700 GWth [1, 23] (from the 435 GWth of
today) growing annually by 8% from the present day onwards [25]. Today, the market
for solar thermal technology is still fragmented as shown in Figure 1.2 with most of
the EU countries being far behind the 1 m2 target despite the solar resource being
available and abundant.
Figure 1.1: Estimated thermal energy demand in US at temperature below 260 ◦C clas-
sified according to the user temperature and application. Reproduced from Ref. [22].
5
CHAPTER 1. INTRODUCTION 1.1
A
0.6
DE 
0.2
IT
0.1
ES
0.1
PT
0.1
UK
<0.01
BE
<0.1
FR
<0.1
SE
0.1
DK
0.2
AL 
0.1
CY
0.6
IE
0.1
GR
0.4
<600 800 1000 1200 1400 1600 1800 2000 >2200
<450 600 750 900 1050 1200 1350 1500 >1650
Solar electricity**
[kWh/kWpeak]
Global irradiation*
[kWh/m2]
Figure 1.2: Area of solar thermal collectors installed per inhabitant in central Europe
obtained from the area installed per country and population data reported in Ref. [11].
The color scale indicates ∗the available annual global irradiation and ∗∗the yearly sum of
solar electricity that can be generated by optimally inclined 1 kWp with a performance
ratio of 0.75 [25].
The cases of Cyprus, where the installed capacity has reached 480 Wth per capita,
Austria and Greece, are particularly promising when contrasted with the opposite
extremes of the UK, France, Italy, Spain and Portugal (below 10 Wth per capita). It
is evident that a significant potential for solar thermal exists in some countries that
receive similar solar energy to Greece and Cyprus and more than Austria, and where
the installed capacity per person is ten times below the target [25]. The availability
of the solar resource is not the only factor determining the size and the potential
of the local solar-thermal market. Among the factors influencing the growth of the
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market for solar energy, the most important are the cost of local alternatives (gas,
oil, electricity, biomass etc.), the characteristics of local energy infrastructures and the
economy of other key industrial sectors, such as construction. In Denmark, for instance,
the market of solar thermal systems has grown in the past years despite a shrinking of
the construction sector [7]. In Denmark, the majority of solar systems are large scale
installations connected to the local district heating and cooling networks that ensure a
high utilization of solar heat at a low levelised energy costs (the cost of the hot water
generated with small scale domestic solar thermal systems worldwide is 9−26 p/kWh
for small scale systems, and 3−7 p/kWh for large scale systems [11, 25, 26]) despite
having one of the lowest annual irradiance available in Europe [7, 11]. In Europe the
market for solar thermal systems remains far behind that of other renewable sources,
for example to that of PV installations. By 2012 in Germany 16.5 million m2 of solar
thermal collectors were installed, compared to ca. 230 million m2 of PV [11].
1.2 Barriers and opportunities
One of the main technical barriers to the wide adoption of solar thermal systems
is that they require a specific design for each building, roof, user behaviour (demand
profile) and climate, thus standard designs are not available or are not promoted with a
consequent high installation costs in non-mature markets. Moreover, there are technical
limitations associated to scaling the systems which are limited by space constraints and
control issues. For example, thermally driven chillers coupled to solar thermal arrays
do not generally exceed a cooling capacity of 20 kW requiring around 60 m2 of roof area
for solar thermal collector making this solution limited to only a number of application
[27].
The cost competitiveness of the thermal energy generated varies with the availability
of solar irradiance, the characteristics of the building thermal load, the system costs,
and the costs of the available alternatives. Solar heat is already cheaper than natural
gas and electricity in central and southern Europe and in countries where large-scale
solar systems are integrated with local disctrict heating network [11, 28]. However, the
capital cost of a solar thermal system in absence of subsidies remains high and access
to capital is a common barrier for domestic solar technologies [29]. Rooftop solar
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installations often face the so-called ’landlord dilemma’, whereby the person investing
in the solar unit does not benefit from the savings [30]. The capital cost of solar thermal
technologies is mainly split between components cost, labour and administration costs,
and VAT (around 5% [31]). Currently, the lack of local retailers and trained on-site
personnel is the main cause of high installation costs, which accounts for ∼35% of the
total fixed costs [10, 32]. The installation costs vary greatly from country to country and
increase further if the solar system requires permits that create delays and additional
expenses, such as permit fees and lawyer fees [33]. Reducing the investment costs
of solar thermal systems and simultaneously increasing the solar fraction is the first
challenge that motivates the development of novel solar heating technologies, as well
as new applications for low temperature solar thermal systems such as integration with
district heating networks, solar cooling or low-temperature industrial process heating.
In addition, the integration of solar thermal plants into efficient heating systems, such
as combined heat-and-power systems, is an important undertaking for the sector.
The current economic barriers that limit the adoption of mature solar heating
and cooling technologies can also be overcomed by approprieate public policy sup-
port schemes such as financial incentives and obligations that help private customers
in accessing capital. The former sustain the industry in the short term and are difficult
to sustain as the market volume increases, the latter are more effective for creating
a self-sustained market in the long term, creating an economy of scale in the manu-
facturing processes and in the installation and services chain [34, 35]. A combination
of support schemes (obligations or/and financial incentives), local conditions (resource
availability or/and high fuel prices) and local opportunities (district heating network
available) determines the market growth of the solar energy industry.
Technological innovation also plays a key role in encouraging the adoption of more
efficient and cost-effective systems. New solutions which combine heat and power gen-
eration are suitable for applications where heating, cooling and electricity is required
at the same time. Amongst others, hybrid photovoltaic-thermal (PVT) modules are
particularly promising in the urban environment where efficient use of limited space is
essential. According to the ECN, the Netherlands, liquid PVT collectors can generate
up to 40% more energy than than a PV and a solar thermal system installed side by
8
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Figure 1.3: Integrated PVT system for electricity, heat and cooling generation. The
system is connected to the local grid and to the heat stores at a user level (stand-
alone system) or at a community level (if district heating or cooling networks are made
available).
side [36], with 10% more energy generated than a solar thermal system, and three times
more energy than a PV per area installed [37]. Despite PVT collectors operate with a
lower thermal and electrical efficiency than the two equivalent separate thermal and PV
panels, the former use the area more efficiently [38, 39] and are best for small available
areas where having two systems is not ideal, and for applications where heat and elec-
tricity are required at the same time (such as in the commercial sector). A PVT system
offers the opportunity of potentially using 100% of the energy generated locally when
the solar system is integrated with storage, cooling systems and heat pumps as they
use simultaneously the electricity and the thermal energy provided by the PVT system
[24, 40–44]. Figure 1.3 shows an example of interconnected system, where all the heat
and electricity generated is used on site, making the system attractive even in the ab-
sence of regulatory support [30] and reducing the stress on the local grid at the same
9
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time [45, 46]. This integration requires technical solutions such as centralized control
and flexible operation of power stations, improvements to renewable energy generation
predictions, enhancement of operational tools and practices, and also development of
technologies supporting demand response [47]. These challenges are attenuated for
small-scale systems, where on-site thermal storage is affordable and electrical storage
may not be needed [48]. Moreover, small-scale distributed energy systems facilitates
the integration of renewable energy source in the existing energy infrastructure pro-
viding grid support [49–51]. In Europe, good examples of high-penetration distributed
generation integrated into the electricity market can be found in Germany, Denmark
and Sweden [52].
The application of novel PVT systems may result in potential reductions to the
cost of system components and installation compared to separate PV and solar thermal
systems. Estimates conducted in the framework of the IEA Task 35 [53] indicate a cost
reduction of roughly 10% for a PVT installation as compared to the combination of
the separate systems. As a consequence, a large scale introduction of PVT systems
in the energy market can lead to substantial financial savings. At the same time, as
discussed earlier, PVT collectors generate more energy per installed area and thus the
user benefits from larger cost savings. PVT systems are also durable and improve the
lifetime of the solar cells compared with a PV module. According to the Solar Trade
Association, a PVT module increases the longevity of the PV cells when it operates
at low temperature [54]. One of the main causes of PV performance deterioration
arises at the high temperatures of operation and due to temperature stresses which
lead to cell breakage and encapsulation discoloration and delamination [55]. This
competitive advantage makes PVT installations ideal for low-temperature applications
such as preheating, underfloor heating, washing, swimming pools and heat pumps or
in combination with conventional boilers to reduce running costs.
Potential pathways for innovation and research aiming to reduce the cost and im-
prove performance are the development of cheaper materials for the construction of
PVT and solar thermal collectors, and in the adoption of inexpensive but sophisti-
cated controllers for increasing the utilization of the solar thermal system. New plastic
and lightweight materials can decrease the production costs of the module and the
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labour costs. At the same time due to the reduced weight, the implementation of PV
cells without encapsulation in PVT modules with direct lamination also has the poten-
tial of cost reduction. High efficient collector of evacuated type and with low emissivity
have improved system efficiency, thus reducing the size of the array and consequently
the costs.
1.3 Aim and objectives
The aim of the project presented in this thesis is to gain a in depth understanding of
the design and operating principles of PVT collectors and to develop reliable overall
system models that can be used for the prediction of both the electrical and thermal
energy generation, given realistic time–varying energy demand profiles and under real
weather conditions (from supplied climate data). A detailed numerical model of the
PVT collector is integrated into a system model that allows for the investigation of end-
use applications such as provision of domestic hot water, domestic heating and cooling.
The model developed constitutes a reliable prediction tool for the operation and per-
formance of PVT water systems, and can be applied for the purpose of engineering
design.
The model developed constitutes an improvement over other studies reported in the
literature that focus only on the steady state characteristic of the collectors. While it
is demonstrated that PVT modules are characterized by a large thermal mass and the
dynamic behaviour of the PVT module should be quantified experimentally; it will also
be demonstrated that simple lumped models that simulate the dynamic performance
of PVT modules are not appropriate for certain irradiation regimes and may lead to
inaccurate performance prediction. The dynamic behaviour of solar thermal collectors
has an important bearing on the annual performance of solar energy systems that
varies across different geographical settings and the standard experimental procedure
for characterizing the collector dynamic-response requires suitable conditions when
performed outdoors and can therefore be costly and time-consuming [56]. Consequently
improved and reliable models for predicting the collector and system performance can
increase the system reliability and the savings by adapting the system operation to
user requirements. Those models constitute also a validation tool for engineers and
11
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designers.
The work presented in this thesis is limited to liquid type PVT panels designed
for small-scale applications and it mainly focuses on ways of improving the thermal
efficiency without losses of the electrical output. Based on the generated knowledge,
this thesis proposes innovative designs of PVT modules and systems which improve
the thermal and electrical efficiency. The novel design of the PVT collectors can be
evaluated with the numerical model developed and presented before a prototype is
implemented. The objective of this research have been:
• establish a comprehensive database of component sub-models for liquid systems
generating hot water and heating;
• establish a comprehensive databases of standard data (thermal efficiency curves
for various configurations, electrical efficiency of various design and operating
conditions);
• perform experiments to verify the performance of the proposed improved design
by testing in a realistic setting;
• validate and calibrate the component and system models against data from simple
experiments and literature;
• provide a systematic analysis of the design parameters affecting the thermal and
electrical performance of PVT modules;
• validate the standard modelling tools and testing procedures for PVT modules
under steady state and dynamic conditions;
• evaluate the techno-economic potential of PVT technologies;
• develop an innovative heat absorber configurations for maximising energy con-
version.
12
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Background
A hybrid solar photovoltaic/thermal collector is a device that absorbs solar radiation
and converts this into electricity and heat. It consists of a PV module integrated
into a solar thermal (air or water) collector. Solar cells are made of semiconductors.
Semiconductors have a relatively narrow energy gap and therefore absorb energy in a
wide range of wavelength. The conversion process of solar energy into thermal energy
and electricity in a silicon based solar cell is reported in Figure 2.1. The minimum
energy required for the photons to be absorbed and converted into electricity in silicon
based PV cells corresponds to the threshold wavelength of 1.1 µm [57]. The conversion
efficiency of solar energy into electricity in silicon based PV systems is between 5%
and 20%, while the waste heat in PV modules constitutes 60%− 70% of the incident
irradiance [58]. The fraction of the absorbed irradiance which is converted into heat
in the solar cell increases the temperature of the PV while reducing its conversion
efficiency and ultimately is rejected to the environment by radiative and convective
heat losses [58]. In a PVT module this low grade heat is collected at the rear thermal
absorber and generates useful thermal energy by increasing the temperature of a heat
transfer fluid. This integrated system offers several advantages over separated PV and
solar thermal systems:
• combined generation of heat and electricity on a smaller area in contrast to a
combination of separate PV and thermal system [59, 60];
• potentially higher photovoltaic conversion efficiency due to the potentially lower
cells operating temperatures achieved with active cooling [59];
• potential reduction of the cost of the unit energy due to the fact that only one
system has to be installed [53].
In conventional solar thermal collectors the absorption of the irradiance is maximised
13
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Figure 2.1: Energy conversion in a PV-silicon PVT device. The irradiance absorbed
when λ is smaller than the threshold value is partially converted in electricity, while
the irradiance absorbed at larger λ is only converted into heat. Part of this heat is used
for heating up the heat transfer fluid, and partially it is exchanged with the ambient
and it constitutes a loss.
whilst the radiative heat losses are minimized, this is achieved by applying a black
selective coating on the top surface of the metal absorber that has a high light absorp-
tion and a low emissivity in the mid-high infrared range of wavelength. PV modules
instead have intrinsic properties that maximise the radiative losses and are beneficial
for the electrical efficiency. As a consequence, the thermal efficiency of a PVT collector
is limited by the optical properties of the solar cells, as the absorber does not have
the same spectral emissivity/absorptivity as a selective absorber typically used in a
solar-thermal collector. The thermal efficiency of the PVT collector is expected to be
lower than that of a conventional thermal collector of the same geometry also due to:
(i) the lower absorption factor of the absorber; (ii) the direct conversion of part of the
incident solar irradiance into electricity, which reduces the proportion that is available
in the form of heat; and (iii) the higher radiative heat losses from the absorber to the
glass cover due to a higher emissivity of the PV cell compared to the emissivity of a
14
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conventional thermal absorber.
The solar cells in a PVT collector can operate potentially at a lower temperature
and a higher electical efficiency than in an equivalent PV module without active cool-
ing. The degree of PV cooling achieved in a PVT module is determined by the inlet
fluid temperature and flow rate, and by the thermophysical properties of the materials
of the collector. Cases have been reported where liquid PVT collectors for low temper-
ature applications can operate at a temperature that is 20 ◦C lower than the normal
operating temperature of a non-cooled PV module [61]. The temperature dependence
of the electrical conversion efficiency introduces additional factors that are in need of
consideration when designing and operating a PVT module and temperature gradients
on the collector surface can significantly affect its electrical efficiency. Therefore, a
significant challenge in the design of a PVT collector is in obtaining a uniform and low
temperature distribution over the modules. The prediction of this temperature distri-
bution is of crucial importance for a correct design and selection of the PVT collectors
in relation to the thermal and electrical yield of the associated PVT system.
2.1 Temperature dependence of electrical conver-
sion efficiency
The current-voltage curve of a solar cell is represented in Figure 2.2 where Voc is the
maximum voltage achievable by the solar cell in an open circuit, Isc is the maximum
achievable current generated by a solar cell when it operates in short circuit; these
parameters are determined by the intrinsic properties of the solar cell and are indepen-
dent of the load and of the voltage V applied. The power generated by the solar cell
is the product of the current and the voltage at each point of operation on the I—V
curve, the maximum power is generated at IMPP and VMPP. The efficiency of the solar
cell is, by definition, the maximum power output divided by the incident light and it is
commonly reported at certain standard conditions, for a cell temperature of 25 ◦C and
an incident irradiance of 1000 W/m2 with a solar spectrum close to that of sunlight
at noon (AM 1.5) [62]. The short circuit current is affected by the temperature of
operation as the energy bang gap Eg reduces with temperature as in Equation 2.1 [63]
determining a small increment of the light absorption and an increment of the intrinsic
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Figure 2.2: I − V curve of a solar cell. The blue line is the curve for the solar cell
operating at the reference temperature T0 and the red line is the curve for the solar
cell operating at a higher temperature. The open circuit voltage decreases with the
temperature while the short circuit current slightly increases but this effect is minor.
carrier concentration at high temperatures:
Eg = Eg(0)− aT
2
T + b , (2.1)
where a and b are material properties and are equal to 4.73 10−4 eV/K and 636 K−1
respectively for silicon [63] and the temperature is in K. On the other hand, as a conse-
quence of the increment of the intrinsic carrier concentration and of the recombination
rate that affects the dark saturation current I0, the open circuit voltage in Equation 2.2
decreases with increasing temperature as in Equation 2.3 due to the temperature de-
pendence of I0:
Voc =
kBT
q
ln
(
Isc
I0
− 1
)
; (2.2)
dVoc
dT =
Voc − Vg(0)
T
− γ kB
q
. (2.3)
For silicon solar cells γ =3 and Vg =1.2 V, thus the temperature dependence of the open
circuit voltage is ∼-2.2 mV/K. The maximum power PMPP (generated when the cell is
operating at VMPP and IMPP) expressed in Equation 2.4 also suffers the temperature
dependence of the dark saturation current, of the open circuit voltage and of the short
circuit current. As a result, the power decreases linearly with the operating temperature
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(despite the small increment of the short circuit current) by ∼-0.4 %/K [64].
PMPP = VocIsc
(
1− 1 + ln(ln(Isc − I0))ln(Isc − I0)
)
. (2.4)
The temperature dependence of the efficiency of the solar cell is often approximated
as a linear function of the temperature of operation as [65]:
η(T ) = η0(1− βPV(T − T0 + γGlog(G)) , (2.5)
where:
- βPV is the temperature coefficient of the solar cell (0.4 %/K for c-Si cells) defined
as:
βPV =
1
T ′ − T0 ; (2.6)
- T ′ in Equation 2.6 is the highest temperature of operation of the solar cell for
which the efficiency drops to zero [66];
- T0 in Equation 2.5 and Equation 2.6 is the standard temperature of 25 ◦C;
- η0 is the efficiency of the solar cell operating at standard condition of temperature
and irradiation;
- γG is the intensity coefficient of the solar cell. In most of the expressions available
in the literature, γG is set to zero, e.g the effect of the irradiance on the cell
efficiency is neglected.
2.2 Design considerations for PVT modules
A cross section on the x − z plane of a conventional sheet-and-tube liquid PVT col-
lector is presented in Figure 2.3. The collector comprises: one or more glass covering
layer(s), a PV module, a thermal absorber (aluminium, copper or polymeric plate) in
thermal contact with copper riser tubes or channels, and a layer of thermal insulation.
PVT modules can operate with various coolant fluids and there are various possible
designs of thermal absorbers, amongst others the single-cover sheet-and-tube design
with water appears to be particularly promising for domestic applications [59]. The
thermal efficiency of this type of collector is typically reported as being between 50%
and 60% [59, 60], while the annual electrical/photovoltaic efficiency is reported as being
7− 15% [67–72].
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Figure 2.3: Cross section x − z of a single-glazed PVT module showing the pipe
diameter D and the distance between two adjacent pipes W .
The thermal and electrical efficiencies and the operating temperatures of such a
PVT collector and system are influenced mainly by the type of heat transfer fluid, the
fluid flow-rate, the number of glass covering layers, the type of solar cells used, and
the properties of the thermal absorber (material and geometry, e.g.: pipe diameter D,
fin-to-pipe diameter ratio W/D) that determine the temperature distribution on the
absorber surface. A good thermal contact between the thermal absorber and the PV
module should be achieved in order to ensure a good thermal and electrical efficiency.
The cooling medium can be a liquid or a gas. Flat-plate PVT collectors working
with a liquid medium mainly use liquid water or a mixture of water and glycol for
avoiding freezing, while air type PVT collectors provide a simpler solution to the cool-
ing of the solar cells. The air can flow by natural or forced circulation, with forced
circulation having a better convective heat transfer coefficient but requiring fan power.
The heat transfer coefficient in air systems is considerably lower than that of water
systems, so as consequence the channel design has a great influence on the heat trans-
fer rate in air-type collectors [73]. Values of thermal efficiency of air PVT collectors
reported in the literature range from 38% to 75% [72, 74]. Air-based PVT modules
are used mainly for ventilation and space heating or air pre-heating purposes and are
installed as an independent component for example on the roof [73] or often are inte-
grated with the building walls (BiPV) [75]. An example of this collector type is the
BiPV facade with a ventilation air gap behind the PV module as in Figure 2.4a, that
creates a natural ventilation in the building while reducing the heat losses through the
18
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Figure 2.4: a) Schematic of the operating principle of a ventilated facade, an air PVT
system integrated in the building walls; b) Example of building integrated photovoltaic
applied to the CIS tower in Manchester (image taken from Ref. [78]).
wall. The air channel in this case is positioned at the PV rear surface but other possible
configurations exist where the air circulates at the top of the module [76]. Figure 2.4b
shows the CIS Solar Tower in Manchester, which incorporates 391 kW of ventilated
integrated PV modules on the building facade, this project is the largest commercial
solar facade in Europe [77].
Liquid PVT collectors are generally more efficient than their air PVT counterparts
due to the better heat transfer coefficient achieved in the cooling channels, and higher
heat capacities. In a liquid PVT system the water can circulate in natural or forced
circulation, and the pumping power required is generally much lower than the fan power
required for air circulation in the collectors. The best thermal efficiencies of flat plate
water PVT panels with sheet-and-tube collector design reported in the literature are
between 50% and 60% [59, 60], and the annual photovoltaic efficiency is 7− 15% [67–
72]. A number of collector designs for liquid type PVT absorbers have been proposed.
Zondag et al. [59] considered several possible channel designs and also a free-flow design
with fluid flowing in the space between the absorber and the glass cover with the aim
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Figure 2.5: Examples of absorber design that can be used for PVT collectors. a) Sheet-
and-tube absorber design [82] where a flat metal sheet is bonded to a metal tube; b) Roll
bond aluminium absorber [83] manufactured by a sandwich bonding technique of two
aluminium sheets. This design allows for a more uniform temperature distribution [84];
c) Serpentine absorber [85], similar to the sheet-and-tube; d) Small channel polymeric
absorber [86] characterized by a simple structure, low weight, low cost but relatively
low heat-transfer efficiency [84].
to achieve a more uniform temperature distribution on the solar cells whilst taking
also into account the simplicity of the manufacturing processes and the costs. Flat
plate solar thermal collectors with micro-channels (with a channel hydraulic diameter
of 1 µm – 1 mm [79]) are also becoming popular for building-integrated applications
thanks to their compact geometry as the heat transfer in more effective with small
channel designs [80, 81]. Examples of commercial designs of absorber plates that can
be used for PVT collectors are reported in Figure 2.5.
PVT modules can also collect the irradiance by means of heat pipes that are capable
of transferring high heat-rates in latent forms [87]. The heat transfer mechanism in heat
pipes involves the phase change, thus the collector operates at uniform temperature
that is beneficial for the PV module. These collectors are suitable in cold regions
without freezing upon a proper fluid selection and the temperature of operation in
heat pipes collectors is controllable and adjustable. [88]. Experimental values of total
thermal efficiency in heat pipe PVT collectors have been achieved as high as 65% with
a corresponding electrical efficiency of 8% [88].
The temperature range that can be achieved with flat plate non-concentrated PVT
collectors is limited in practice to ∼150 ◦C but higher temperatures of operation can be
achieved in concentrating PVT collectors (CPVT), like the commercial model shown
in Figure 2.6. The irradiance level incident on the PV modules is increased by means
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a) b)
Figure 2.6: a) Schematic of the CPVT developed in Sweden by Mareco, this is a fixed
concentrating collector with a high angle of acceptance; b) Mareco CPVT system.
Images are taken from Ref. [96].
of low cost concentrators (lenses or inexpensive mirrors), thus generating more electric-
ity and heat per unit surface [75]. The concentrating systems use reflective (mirrors)
and refractive (mainly Fresnel lens) optical devices to focus the direct component of
the solar radiation. In locations where the diffuse component of the solar radiation is
the dominant during the year, the solar radiation can be concentrated with diffused
reflectors1. Generally a tracking system is required for maximising the thermal and
electrical output of concentration systems [91]. In CPVT the concentration of sunlight
leads to a small cell surface and high overall collector efficiency up to 65% at 200 ◦C
[92] when the optical efficiency is around 70%− 80% [93] and for solar cells having
a high conversion efficiency, such as the multi-junction solar cells with electrical effi-
ciency of ∼40% [94]. The efficiency is strongly affected by the optical properties of the
reflector, cover and absorber and can be reduced drastically in case of non-uniformity
due to mirror geometry and shape error [91]. Due to the higher temperatures that are
achieved in concentrating systems, and due to the efficiency penalty for cell heating
at high irradiance [95], the choice of the photovoltaic material might require further
considerations. An alternative to the traditional reflective or focusing solar concen-
trators are the luminescent solar concentrators often used in building integrated PV
systems. These allow sunlight to penetrate the top surface of an inexpensive plastic or
glass waveguide, the light gets absorbed by the luminescent molecules embedded in the
1Diffuse reflectors denote materials other than mirrors. For example, rough white sheets [89] and
alluminium plates [90] have been used to reflect diffused sun rays.
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waveguide and it is then re-emitted at a longer wavelength. After being re-emitted, a
fraction of the light is trapped in the waveguide due to the internal reflection, becoming
concentrated along the edges of the plate [97, 98].
In the aforementioned types of PVT panels, the thermal and electrical efficiencies
are influenced by collector-design specific parameters, such as the quality of the ther-
mal contact between the coolant fluid and the absorber (PV cells), the width to pipe
diameter (W/D) ratio, the number of glass covers and the materials used. The thermal
contact between the solar cell and the thermal absorber, for instance, can be improved
by using flat polymer thermal absorbers that also have a lower weight and are easier
to install, and they present a simplified manufacturing process at lower cost. On the
other hand, the thermal conductivity of the polymer is generally lower than that of the
metal, the thermal expansion is higher and the limit temperature of operation is lower
[61]. The improvement of the efficiency due to a better thermal contact between the
module and the absorber in a plastic design was investigated on two designs of unglazed
PVT modules for radiative cooling applications [99]. The improvement of the thermal
contact between the PV module and the rear absorber was also discussed in Ref. [100]
where a fully wetted absorber was tested along with a sheet-and-tube module. The
best manufacturing process that assures the ideal thermal contact between the thermal
absorber and the PV module is the lamination of the whole package of top cover, PV
cells and a flat absorber together in one step. In this case an electrically insulating foil
can be interposed between the PV cell and the metal plate in the lamination process,
or an electrically insulating coating can be applied to the absorber-plate top surface
[73]. Another solution is to deposit the PV material directly on the metal plate, with
insulating coating or galvanic separation between cells. More often a thin layer of
thermally conducting and electrically insulating adhesive material is used. Examples
of adhesive materials found in the literature are:
• silicon adhesive (0.5 mm thick) for application in sheet-and-tube PVT panels
with polymer absorber is used in Ref. [101, 102];
• corrugated copper foil is used in Ref. [103] in a PVT with a plastic thermal
absorber;
• aluminium-oxide-filled two-component epoxy glue was used in Ref. [104] in the
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construction of a sheet-and-tube PVT collector;
• silver-filled glue was used in the work of Ref. [105].
A better convective heat transfer in channels, with a consequent enhancement of
cooling of the solar cells, can be achieved with reduced pipes diameter D and increased
number of channels per unit widthW [106, 107]. Typical values ofW/D for sheet-and-
tube collector are 6− 10, and the W/D ratio can be reduced to unity when corrugated
panels similar to those in Figure 2.5d are used as an absorber [108].
The thermal efficiency of non-concentrated collector designs can be enhanced with
additional glass covers in conjunction with an insulating evacuated layer (or a layer
filled with a gas, e.g. Argon as discussed in Refs. [109, 110]) to reduce convective losses
together with spectrally selective glazing coatings that reduce the radiation losses [111].
In low temperature applications (pool heating or preheating up to ∼50 ◦C), uncovered
designs are preferred because they allow for a higher electrical efficiency (due to reduced
optical losses) while single-glazed or double-glazed designs with evacuated layers allow
for higher thermal efficiencies at higher fluid temperatures (due to reduced convection
losses) but they suffer from optical losses and reduced PV conversion at the higher
temperatures [112] as reported by Sandnes et al. [61], who showed that the presence
of a single glass cover reduces the optical efficiency by around 5% as a consequence
of reflection and transmission losses at the cover. The common design of evacuated
collectors is of tubular geometry where the evacuated layer is between two concentric
glass-tubes. They typically employ absorbing tubes that have a larger gross area than
the absorber area due to the space between the glass tubes and consequently have
a lower thermal efficiency per installed surface compared with flat-plate geometries
[113]. Recently, several authors [113, 114] have proposed the use of evacuated flat-
plate collectors that make the best use of the collector area with an improved thermal
efficiency from 25%rel to 65%rel compared with the non-evacuated flat-plate designs
[115], and commercial models such as the one produced by TVP-Solar and SRB Energy
[116, 117] are also becoming available.
As discussed earlier a large research interest exists in reducing the cost of PVT pan-
els. Nowadays, the main cost component associated with PVT systems is attributed
to the collectors, and so the overall system investment may be reduced by lowering the
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cost of the collector, for example by selecting less expensive materials. The PV module
is composed of a top transparent surface (glass or polymer film) that guarantees the
required rigidity to the laminate [61], the solar cell (c-Si), an encapsulant (ethyl vinyl
acetate (EVA)), and a rear layer (Tedlar). In a glazed PVT collector the required
rigidity is already given by the thermal absorber and the protection from weather con-
ditions is provided by the glass-cover, thus the PV protective top glass is not required
whereas some additional lightweight protection covers without mechanical rigidity but
with optimal optical properties might be used instead as suggested in Ref. [118].
PVT collectors that have the thermal absorber only partially covered by solar cells
have been proposed in Refs. [106, 119]. These collectors operate with a higher thermal
efficiency and the solar cells must be located at the collector inlet, whilst fully-covered
PVT panels of the same area have higher electricity generation at lower thermal yields.
2.3 Potential performance enhancement of PVT col-
lectors with solar cell emissivity control
The main heat loss mechanisms in non-concentrating glazed and evacuated solar-
thermal and PVT panels are shown in Figure 2.7. Heat is lost to the environment in
a conventional solar thermal collector by convection and conduction through the glass
and insulation, and by radiation from the top of the copper absorber (Figure 2.7a).
Whilst convective losses can be reduced with additional glass covers and/or evacuated
or gas filled layers, radiative losses are minimized by applying a low emissivity coating
on the thermal absorber and/or cover. In conventional PVT modules represented in
Figure 2.7b, the radiative losses are generally higher than in solar thermal collectors due
to the optical properties of the solar cells that are characterized by a higher emissivity.
Radiative losses can be suppressed by applying a low emissivity coating on the solar
cells which is transparent and ensures a good light absorption without compromising
significantly the electrical efficiency as in Figure 2.7c. The PVT module configuration
with the highest expected thermal efficiency is that of Figure 2.7d, that represents a
glazed collector with a low emissivity coating where the gap between the absorber and
the glass cover is evacuated.
The portion of sunlight that is absorbed and can potentially be converted into elec-
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• Glass cover insulation
EVACUATED PVT 
COLLECTOR WITH 
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• Copper plate
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• Glass cover for 
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Figure 2.7: Heat losses in glazed solar thermal and PVT collectors of various design. a)
Conventional solar-thermal collector with low selective coating applied on the thermal
absorber; b) PVT panel with conventional solar cells mounted on the metal absorber
(copper plate); c) PVT panel with low emissivity coating applied on the solar cells; d)
evacuated PVT panel with low emissivity coating.
tricity is given by the spectral absorption coefficient. Solar cells are engineered typically
for maximising the absorption coefficient over the visible and infrared spectrum. The
former maximises the electrical conversion and the latter maximises thermal losses and
keeps the temperature of the solar cell as low as possible with a consequent enhance-
ment of the electrical efficiency. The absorptivity of a material is an intrinsic property
of the bulk and of the surface structure. In a solar cell, that is a combination of several
layers and the total absorptivity depends on the surface property of each layer and on
the materials used [57, 120, 121].
Data on the emissivity and absorptivity of commercial solar cells are available in the
literature. Santbergen and van Zolingen [57] studied numerically and experimentally
the spectral absorptivity of silicon PV cells up to 1.7 µm wavelength, which is equal
to the emissivity via the Kirchoff relation, showing that the absorption of the AM1.5
spectrum is as high as 90%. The emissivity of unencapsulated solar cells was measured
up to 16 µm (far-infrared range of wavelength) and simulated numerically with the aim
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Figure 2.8: Structure of a standard commercial solar cell, similar to the simulated
and measured solar cell. It includes an antireflective coating, a layer of highly doped
emitter, a silicon wafer, a back surface p+ layer and an aluminum back reflector.
of understanding the important factors for radiative losses in the solar cell design by
the research group of Quantum Photovoltaics at the Department of Physics of Imperial
College London, and by the Department of Applied Physics and Environmental Science
at the University of Lleida. The results from these studies have been presented in
Ref. [122]. Riverola et al. [122] measured the emissivity of commercial mono-crystalline
silicon solar cells with the structure reported in Figure 2.8 in the range of wavelength
between 350 nm and 16 µm (typical range for thermal emission at temperature below
100 ◦C) and determined that the absorption (and thus the emissivity) is above 90%
in the visible spectrum between 0.3 and 1 µm leading to the strong absorption in
this range for maximising the electricity generation (black line in Figure 2.9). The
absorptivity drops slightly above 1 µm close to the c-Si bandgap but remains above
80% up to 10 µm, and above 70% out to 16 µm. The range of wavelengths between 8 µm
and 13 µm coincides with the thermal emission peak at reasonable solar cell operating
temperatures. These results show that bare silicon solar cells exhibit a large emissivity
compared to the ideal thermal absorber (around 75% in the mid-infrared and infrared
range) and therefore these cells have good properties for radiative cooling purposes,
however, for PVT systems the emissivity will account for high radiative thermal losses
and the thermal efficiency will be limited. As a consequence, the design of specific solar
cells for hybrid systems should be addressed when the aim is to maximise the thermal
efficiency.
Employing emissivity control in PVT modules is a greater challenge than in purely
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Figure 2.9: Measured emissivity of a commercial solar cell and measured emissivity of
a commercial solar cell with ITO coating. The ideal emissivity of a solar cell is also
reported [123].
solar thermal collectors, where black low-emissivity coatings are normally adopted,
since the absorber must also be an active PV cell. Black chrome over a nickel base is
often used on copper plates, or alternatively, a titanium-nitride-oxide layer is employed
in solar thermal collectors [124]. In PVT panels, the coating must be transparent to
incident light and opaque to infrared radiation without compromising the electrical
performance of the module. This property is exhibited by transparent conductive ox-
ides (TCO) films, which are typically used in energy-efficient windows for this purpose,
and in metal-based coatings. Metal-based low-emissivity coatings are constructed by
building a multilayer stack which includes a metal layer between dielectric layers. The
free-electrons in the metal strongly reflect infrared light and result in a low emissivity
of the film, and the transparency is achieved with particular metals, such as silver.
In TCO coatings, the electrons in the bulk of the oxide give rise to the low emissiv-
ity. TCOs have a much higher transmittance compared to silver-based coatings [125],
typical film used in efficient glazing are In2O3:Sn (ITO), TiO2:Nb, ZnO:Al.
Previous studies proposed the use of low-emissivity coatings for glazed PVT col-
lectors. Ref. [126] suggested that a coating with a low emissivity (below 0.25 in the
infrared spectrum), and a solar absorptivity greater than 0.85 should be adopted for
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PVT modules. Santbergen et al. [127] discussed the use of low-emissivity coatings on
the laminates in combination with anti-reflective coatings on both sides of the cover
glass. The anti-reflective coating considered was a single layer of SiO2, while the low
emissivity coating was SnO2:F. By applying this coating, the calculated emissivity in
the infrared decreased from 80% to about 20%. The combination of an anti-reflective
coating with the a low-emissivity coating led to an increased thermal efficiency and
annual electrical efficiency (the latter by only 1%). It was also shown that a trade-
off between the electrical and the thermal efficiency exists with the coating thickness.
The thermal efficiency increases with the thickness of the coating leading to a higher
operating temperature, this results in a lower electrical efficiency due to the linear de-
pendency of the PV electrical conversion in combination with a slight light absorption
in the coating. From these results, the optimal thickness was found in that case to
be 300 nm, for thicker films the thermal efficiency hardly increases, whereas the elec-
trical efficiency continues to drop. More recently, a PVT module with a metal-based
coating and transparent conductive oxides was developed by Lammle et al. [128]. The
low-emissivity coating was deposited on the glass of the PV module that acted as the
substrate and was optimized for maximising solar transmission whilst minimising ther-
mal emission. The film is composed of an 8 nm Ag layer with a transmissivity of 0.8
and emissivity of 0.1. The application of the low emissivity coating on the PV module
reduced the heat loss rate by 82% whilst the electrical efficiency droped by only 3%.
Mellor et al. [123] deposited a 100 nm ITO film on commercial solar cells and on
polished silicon wafers and found that the emissivity is reduced by ∼50% compared to
that of the same conventional solar cell without ITO coating as shown in Figure 2.9.
The result suggests that the ITO coating can efficiently suppress radiative thermal
losses of c-Si solar cells at operating temperatures of PVT collectors [123, 130]. The
ITO coated cells were mounted onto an evacuated-tube PVT Virtu collector shown
in Figure 2.10a manufactured by the British company Naked Energy [129]. A detail
of one tube constituting the PVT collector with standard solar cells is reported in
Figure 2.10b, the same tube with ITO-coated cells is in Figure 2.10c. The Virtu
panel features a thermosyphon absorber design with mini-channels where the PV cells
are bonded onto the surface of the plate and placed within a sealed and evacuated
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a) b) c)
Figure 2.10: a) Naked Energy evacuated-tubes PVT collector, reproduced from
Ref. [129]; b) Virtu PVT collector featuring commercial solar cells; c) Virtu PVT
collector featuring ITO coated solar cells.
glass tube. The main advantage of this design is that the boiling process reduces
the temperature of the PV cells that operate at a lower uniform temperature. The
evacuated tubular design allows for the suppression of convective losses and for a easy
tracking mechanism to be in place that increases the sun load factor of the system
during all seasons. Indoor steady-state collector characterization tests were performed
on the two PVT tubes shown in Figure 2.10, one having the ITO coated cells and
one having conventional cells with the emission characteristic of Figure 2.9. The ITO
coating led to an absolute 10% thermal efficiency gain as reported in Figure 2.11 and an
absolute 0.5% electrical efficiency loss [131]. The thermal gain is attributed to reduced
emissivity and the electrical loss to increased reflectance.
Contributing to these results, the potential of ITO coated PV cells for PVT collec-
tors of various design (unglazed, single glazed and double glazed) will be discussed in
this report. The evaluation of the thermal efficiency of the PVT collectors featuring
ITO coated cells will be evaluated numerically and then the potential of emissivity
control for PVT application will be introduced based on predictions of annual energy
generation and economic analysis of PVT system for domestic hot water provision.
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Figure 2.11: Thermal efficiency of the Virtu PVT collector obtained from indoor steady
state tests by varying the inlet water temperature between 35 ◦C and 80 ◦C at irradiance
>900 W/m2 with ITO coated cells and with conventional PV cells.
2.4 Non concentrating PVT and solar thermal ap-
plications
This section introduces the main applications of non-concentrating liquid PVT collec-
tors that require low-to-medium temperatures. PVT and solar thermal collectors can
be used in a range of applications requiring different temperature levels [62]:
• low-temperature applications, up to 50 ◦C;
• medium-temperature applications, up to 80 ◦C;
• high-temperature applications, greater than 80 ◦C.
Operating temperatures up to 50 ◦C is generally required for domestic heating, pool
heating and low temperature heat pumps, while a temperature up to 60 ◦C is required
for domestic hot water generation. These temperatures can be achieved with unglazed
collectors in warm climates under high irradiance, or with glazed flat-plate collectors.
Temperatures above 80 ◦C are required for driving sorption cooling cycles, where the
solar panels provide thermal energy at the generator, or for industrial processes and
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in desalination plants. These temperatures can be achieved in high efficiency flat-
plate designs featuring a double glass cover, or in an evacuated design. Concentrating
systems that achieve higher temperatures can drive power generation cycles in large
plants installed where direct sunshine is abundant, although these are, and will remain,
economically uncompetitive in the short term [62, 140].
In most of the current commercial PVT applications, the electrical output is the
main priority, hence systems are designed to operate at low temperature and feature
unglazed collectors [141]. Few historical data on real systems are available, however
it is envisaged that PVT collectors can replace solar thermal collectors for heating
or cooling purposes (examples of existing solar thermal installations for a range of
applications are reported in Figure 2.12), and they are particularly suitable where a
demand of heating in winter, cooling in summer and electricity is available. In winter,
the heating demand is high but the solar resource is less abundant, while in summer
the diurnal profile of the solar irradiance follows closely that of the cooling demand,
which is currently covered by vapour-compression systems in most cases [24]. The
use of conventional refrigeration systems (electric heat-pumps, chillers, etc.) can give
rise to a high electrical consumption, which could be covered by PV or PVT systems.
Therefore, there is great potential in primary energy savings and energy bills reduction
by integrating PVT systems into buildings for the provision of power, heating and
cooling.
2.4.1 Domestic heating and hot water preparation
A solar-thermal system capable of providing space heating and hot water (DHW) com-
bines a collector array, an energy transfer system (circulation pump, valves, piping,
heat exchangers) and a hot-water storage tank. An auxiliary heater assists the solar
systems and is used to provide water at the required temperature. The amount of hot
water produced by a solar system depends on the size and design of the collector array,
on the size and the design of the tank, and on the local climate. Generally systems
designed for sanitary domestic hot water provision are smaller than those designed
for space heating as the energy required for domestic hot water heating represents
10%− 40% of the energy required for space heating. Space heating demand is char-
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acterized by i) large seasonal variation due to variation in outside temperature, and
with no demand in summer; ii) daily continuous and moderate heat demands with
some hours with reduced or zero demand and a relatively low delivery temperature; iii)
typically 30 ◦C− 50 ◦C depending on the heat emission system design and weather con-
dition, with relatively large return temperature (24 ◦C− 45 ◦C). The heating systems
are generally closed loop systems with oxygen free and non-corrosive water [62, 142].
DHW systems will be subjected to an all year round heat demand with small seasonal
variation and a daily profile with short peaks and extended periods without DHW
consumption. The system is i) an open loop with a low temperature of water entering
the system (4 ◦C− 20 ◦C, depending on the season and on the location); ii) high de-
livery temperature (45 ◦C− 60 ◦C). These solar systems can be configured as a direct
system, in which potable water is directly heated in the collector, or as indirect sys-
tem, in which potable water is heated in a heat exchanger [62, 142]. A schematic of a
standard indirect solar system for domestic water heating is shown in Figure 4.1 and
its operation is described in details in Chapter 4.
2.4.2 Solar cooling
Cooling represents a growing market, and this is often supplied with conventional com-
pression chillers, which operate by adjusting the temperature and the humidity of the
ambient air by consuming electricity. PVT systems can provide electrical power to
drive the compressor of small-scale traditional vapour-compression units, while the
heat generated by the PVT system can be used for covering the hot water and heating
demands. As an added benefit, these systems employ conventional, mature and rel-
atively low-cost technologies for the provision of heating and cooling, thus increasing
their profitability [143]. An alternative to compression chillers are sorption cooling sys-
tems that use a liquid pump instead of the gas compressor and require a heat input for
driving the thermodynamic cycle. These systems operate at temperatures compatible
with solar thermal and PVT collectors that can provide solar heat at the generator
of the chiller, whilst the electricity from the PVT panels is used to activate the liquid
pump with low electricity consumption.
The production of cooling through sorption cycles is a desirable application for
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solar thermal energy, as the demand of cooling is in a good match with the solar ra-
diation during the day and the year, giving the possibility of becoming independent
from the electric grid. Absorption refrigeration chillers are a viable thermally-driven
technology, which can be coupled with low-grade waste-heat sources. These systems
have lower coefficients of performance (COP=0.5− 0.8 for single-stage units [144–147])
than their vapour-compression counterparts, which have COPs of 2− 8 [148], but are
noiseless and vibration-free, environmentally benign, and long-lasting. Existing instal-
lations feature solar collector arrays of 3 m2/kW to 5 m2/kW of cooling capacity, thus
require a relatively large area for the installation. Among the available absorption-
refrigeration systems, the lithium-bromide/water working pair is commonly used in
air-conditioning applications, over the range from about 20 W to 10 kW cooling capac-
ity; water/ammonia working pair can also be used for small-scale residential or large
commercial refrigeration or air conditioning applications [149]. Commercial absorption
chillers are now becoming available with cooling power as small as 5 kW [150] working
at driving temperatures between 60 ◦C and 170 ◦C depending on the fluids used [151],
and the overall cost of an absorption chiller combined with a solar thermal system is
between 1500 £/kW and 10000 £/kW [150]. Adsorption chillers without circulating
pump and at driving temperature of 50 ◦C− 95 ◦C are also commercially available with
a cooling power ranging between 5.5 kW and 350 kW [152].
Despite its potential as a low carbon technology for residential and commercial
buildings, the market for solar-driven cooling via thermal technologies (sorption refrig-
eration) is at a very early stage of maturity, with approximately 1175 systems installed
worldwide (as of the end of 2014) [153]. The vast majority of the installed solar air-
conditioning systems are coupled with either flat-plate collectors or evacuated-tube
collectors and only a small number of companies offer packaged solar air-conditioning
systems. In order for solar air-conditioning solutions to become broadly available, there
is a need for growing the expertise in installing, commissioning and operation of such
systems [154].
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2.5 Performance enhancement of solar thermal and
PVT systems with advanced control strategies
When a solar-thermal system fails, underperforms or when the irradiance is too low,
the required thermal energy is often supplied with a backup system which generally
relies on conventional fossil fuels and have a high cost per kWh. For this reason,
monitoring of the solar system is essential for achieving the expected savings. At the
same time, users expect to interact in an easy and transparent way with the technology,
to be able to monitor in real time the performance of the system and adapt their
behaviour to real-time variable energy prices [155]. In a scenario with high penetration
of solar energy, automatic and advanced control and monitoring of solar-energy systems
should be implemented in order to guarantee the expected long term performance
by reducing maintenance costs at the same time. Advanced monitoring also allows
for the development of advanced control strategies which require information on the
state of the system. Improved monitoring and control, together with weather and
user behaviour prediction data, can increase the system reliability and the savings by
assuring optimized performance, balancing at the same time the additional costs and
complexity added to the system [156].
Optimized control strategies governing the operation of the pump in solar thermal
systems for improved system perfromance have been proposed by several authors. In
a recent study, Badescu et al. [157] compared four empirical strategies for flow rate
control. In each of these strategies the mass-flow rate is adjusted as a function of
the instantaneous ambient conditions and collector temperatures. In this study, the
optimized controller was either an on-off type with optimized settings, or a proportional
controller which maximised a target function at each time instant during the system
operation. In the latter method, the flow rate was adjusted linearly with the irradiance,
or it was varied according to the temperature difference between the collector and the
fully-mixed storage tank. The former strategy operated the system at an optimized
value of fixed flow-rate by assuming an a priori knowledge of the weather and demand
profile and maximised the daily solar energy conversion at the collector [158]. The
optimal value of the flow rate was varied daily according to the irradiation level and
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stability over a time period of interest (criteria can be set to define intervals of stable
irradiance, e.g. the irradiance varies by less than 50 W/m2 per minute [159]) and the
system operates stabily at high flow rates during cloudy and overcast days, whereas
during sunny days the pump was shut-off frequently. This behaviour was associated
to the lower collector efficiency at high temperatures that were achieved during the
sunny day determining a reduced energy conversion rate for a continous operation of
the pump. These results were confirmed in the study reported in Ref. [160]. Ntsaluba
et al. [161] proposed an optimal controller for a solar thermal system with two storage
tanks and two circulation pumps that allowed the system to operate also during night
time. The authors maximised the energy collected while minimising the thermal losses
at the connecting pipes and the parasitic energy required for circulating the fluid. The
optimal controller allowed an 8% increment of thermal energy collected and between
5% and 7% of reduction of pipe losses.
In all the aforementioned studies, the variation of the collector parameters (heat
loss coefficient, optical efficiency and effective heat capacity) with the operating flow
rate was not included in the numerical analysis and the collector dynamic are often
approximated by a quasi-steady model. Only few studies take into account the vari-
able collector performance with varying the flow rate in dynamic operating conditions.
A study on the dependence of the module efficiency with the flow-rate is reported in
Ref. [162], where two flat plate collectors were tested in Demark in a range of flow
rate of 300 L/h− 1500 L/h showing that the thermal efficiency improved with the fluid
flow. A dynamic model of the collector that takes into account the variation of the
efficiency with the panel flow-rate was adopted in Ref. [163], where the authors gener-
ated the transfer function of a solar collector for control purpose. The control strategy
considered aimed at regulating the panel temperature with the scope of designing a
PID controller limited to the collector operation, the authors did not investigate the
operation of a whole solar system.
The work that will be presented in this thesis constitutes an improvement with
respect to the previous studies as a detailed dynamic model of the collector is devel-
oped which takes into consideration the effect of varying the flow rate on the collector
performance. Moreover, a detailed analysis of the daily operation of the system for
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different controller settings and on days with different irradiance levels and stability is
presented. It will be demonstrated that a 25% improvement of the thermal fraction
can be achieved with an optimized control strategy.
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Numerical model for PVT collectors
A numerical model of PVT collectors was developed for calculating the thermal and
electrical performance under different time-varying operating conditions. The numeri-
cal model solves the energy balance at the collector for a range of operating conditions
(varying flow rates, irradiance, ambient temperature etc.). The geometrical and operat-
ing parameters can be varied, thus the model constitutes a flexible tool for evaluating
theoretically the performance of PVT modules integrated in a system, and also for
evaluating how the design parameters (e.g. pipe diameter, glazing, optical properties,
materials used etc.) affect the thermal and electrical efficiency.
The model estimates the temperature distribution over the PV surface and the
panel’s electrical power output by taking into account of the temperature distribution
on the panel surface. The model accounts for the convective and radiative losses
from the collector’s top surface and the optical losses due to reflection, it allows for
evaluating the angle-dependant optical properties and the variation of the trasmitted
solar irradiance with the incidence angle. Wavelength-dependant optical properties can
be implemented for materials having optically selective properties.
The present numerical approach is an improvement upon previous studies as it takes
into consideration the dynamic response of the collector to time-varying climate and
demand inputs, and also the 3-D spatial distribution of temperature over the panel.
The model can be used to generate results for hourly, daily and annual performance
analyses and provide information on the collector’s transient performance. PVT sys-
tems operate mostly under dynamic conditions, particularly where the solar irradiance
fluctuates due to cloud coverage. However, most previous studies undertaken with
the aims of evaluating the suitability and of assessing the potential of this technology
Ref. [119] were based on quasi-steady approaches, wherein the PVT collector is assumed
to operate in steady-state, while other system components with a larger thermal mass
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- such as the hot-water tank - have a dynamic response to the time-varying inputs. A
few studies [164] did take into account the dynamic response of the collector but did
not go as far as estimating the temperature gradients on the PV module and the dy-
namic analysis is limited to a daily simulation. Similarly, in other studies [56, 60, 165],
dynamic analyses of PVT collectors were also preformed but without an accompanying
discussion of the interaction of the collector with other system components. Some re-
cent experimental and numerical studies on the dynamic performance of PVT systems
for DHW applications can be found in Refs. [166, 167] where the demand of hot water
was a daily or hourly average input. Taking the dynamics of the system into account
is of fundamental importance when the weather conditions change rapidly. A dynamic
model, together with the use of real weather and DHW demand data, is required in
order to accurately estimate the energy output of the PVT system.
The three-dimensional dynamic numerical model presented in this thesis has been
developed for liquid type PVT systems and can be extended to solar-thermal collectors
with few modifications. The numerical model has been used for undertaking a para-
metric analysis on the collector efficiency by varying the main design parameters and
identifying design options when the collector operates in steady state conditions. The
model allows for the ambient conditions and the operating parameters to vary, thus
it can be integrated in a system model aiming to evaluate the energy and economic
performance of a PVT system. This work was published in Ref. [168] in the journal of
Applied Thermal Engineering.
3.1 Modelling overview
The thermal model evaluates the electrical and thermal efficiencies of the unglazed,
glazed and double glazed sheet-and-tube collector. The model allows investigation of
various designs by changing:
• the PV material: described in terms of its optical properties (τ ,α, ρ, ), thermo-
physical properties (thermal conductivity, thermal capacity, and density), thick-
ness, temperature coefficient of the electrical efficiency;
• the material for the solar cell encapsulation: described in terms of its conductivity
and thickness;
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• the material of the absorber: described in term of its optical properties (τ ,α, ρ, ),
thermophysical properties (thermal conductivity and thermal capacity, density),
thickness;
• the glazing material and the number of glass covers: described in term of its
optical properties (α, ρ, ), thermal properties (thermal conductivity and thermal
capacity), physical properties (density), thickness;
• the spacing between the covers and the filling pressure and material (evacuated
collector, air or argon filled etc.);
• geometry: W/D ratio, pipe diameters and lengths, insulation materials and thick-
ness, solar cell covering factor, etc.;
• liquid medium: described in term of its temperature-dependent thermophysical
properties;
• operation parameters: flow rate and inlet temperature;
• assembly: use of thermally conductive paste between the PV and the absorber
plate or direct lamination.
The 3-D dynamic thermal model solves an energy balance equation at each layer
of the PVT module. The system of ordinary differential equations is solved numer-
ically with the finite difference implicit method according to the scheme reported in
Appendix A. The equations are written for the element (i, j) having a finite volume
∆x∆yδ and are solved numerically along the water-flow direction, y, and in the trans-
verse direction, x, where each layer is discretized respectively into Nx and Ny number
of nodes as shown in Figure 3.1. The solution is a 2-D temperature distribution on the
x− y plane over each layer of the PVT module and a 1-D temperature distribution on
the x− z plane. The 3-D thermal model is based on the following assumption:
• the thermal properties of all solid materials are constant; variations in the prop-
erties of air (as a function of temperature) were calculated by using a polynomial
fit according to Ref. [169] while variations in the properties of water with tem-
perature were calculated by using the REFPROP library [170, 171]. It was found
that the temperature dependence of the water thermophysical properties intro-
duced only minor changes to the results of interest (e.g. <1% in both the outlet
fluid temperature and thermal output from the collector);
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Figure 3.1: Sketch of the discretization used for the thermal analysis (left) and network
of thermal resistances on the x−z plane between the layers of the PVT module (right).
• the optical properties of all relevant materials are constant over a range of wave-
length. Spectrally selective emissivity/absorptivity is considered in the case that
components have spectrally selective coatings;
• the edges of the collector are well insulated, thus the edge thermal losses are
negligible;
• the temperature profile between two adjacent pipes is symmetrical, and the tem-
perature has a maximum on the symmetry axis;
• water flow-rate is evenly distributed between the pipes and the thermal losses
and mixing effects at the inlet and outlet manifolds are negligible [165];
• the flow is fully developed in the tubes;
• the effect of the friction in the pipes is neglected when calculating the temperature
in the riser pipes;
• the headers cover a small area of the collector and its effect on the temperature
distribution on the absorber can be neglected;
• the incident irradiance G, the wind speed vw and the ambient temperature Ta
are uniform boundary conditions at the surface of the PVT collector;
• it is assumed that there is no dust or partial shading on the collector;
• the electrical resistances are neglected when evaluating the electrical energy out-
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put and the electrical efficiency.
3.2 Glass cover energy balance
The energy balance at each node (i, j) of the glass cover in Equation 3.1 takes into
account thermal radiation and convection losses to the ambient, thermal radiation to
the PV module, and absorption of the glass cover:
Mgcg
dT (i, j)
dt =Qg-CD(i, j)−Qg,a-RD(i, j)−Qg,a-CV(i, j) +Qg,PV-RD(i, j)
+Qg,PV-CV(i, j) +Qg,AB(i, j) .
(3.1)
The net conductive heat-flux Qii−CD(i, j) at the node (i, j) for the layer ‘ii’ is the sum
of the conductive flux in the x direction and the y direction, which are expressed as:
Qii−CD,x(i, j) =
kiiδii∆y
∆x [Tii(i+ 1, j) + Tii(i− 1, j)− 2Tii(i, j)] ; (3.2)
Qii−CD,y(i, j) =
kiiδii∆x
∆y [Tii(i, j + 1) + Tii(i, j − 1)− 2Tii(i, j)] . (3.3)
The radiative heat losses to the ambient Qg,a-RD(i, j) in Equation 3.4 are calculated
using the sky temperature Tsky assuming a view factor of 1. For clear sky conditions,
the sky temperature is related to the ambient temperature according to Equation 3.5
[172]. Other models relate the sky temperature to the dry bulb and dew point tem-
peratures (Ta and Tdp) and to the time of the day t (in hours) counted from midnight
in Equation 3.6 [173, 174]. For a cloudy sky, other equations are available, which re-
quire an estimation of the cloud coverage based on the diffuse irradiance, while for
an overcast day the sky temperature is calculated as in Equation 3.7 [175, 176]. As
a result of a 1-year modelling using real weather data (ambient temperature, wind
speed and relative humidity) it was found that the value of the collector thermal and
electrical output is affected by less than 1% by the correlation chosen for calculating
the sky temperature, thus Equation 3.5 is chosen in this modelling work as it has been
widely used in the literature [176–181] and it requires no knowledge of the dew point
temperatures or of the cloud coverage estimation.
Qg−RD(i, j) = ∆x∆ygσ
(
T 4g (i, j)− T 4sky
)
; (3.4)
Tsky = 0.0552T 1.5a ; (3.5)
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T ′sky = Ta
[
0.711 + 0.0056Tdp + 0.000073T 2dp + 0.013cos
(
pit
12
)]0.25
; (3.6)
T ′′sky = Ta . (3.7)
The convective heat losses to the ambient air Qg,a-CV(i, j) in (3.8) are calculated
using the convective heat transfer coefficient htop, as expressed in (3.9), which takes
into account the forced and free convection on top of the panel [182, 183]. The forced
convection coefficient, hw, in (3.10) varies linearly with wind speed (a review of empiri-
cal correlations for hw is given in Refs. [164–166, 177–180, 182, 184–188]). A number of
different correlations are available in the literature for the calculation of hw. These cor-
relations are obtained at various testing conditions and for different geometries and the
uncertainty associated with the measured value of the heat transfer coefficient ranges
between 6% and 20% [189, 190]. This large uncertainty is due to the difficulties of
making the measurements involving rapid variations of the wind speed and direction
and of the incident radiation. The free convection coefficient, hfree in Equation 3.9 is a
function of Ra (Equation 3.13) calculated on the plate top-surface for the characteristic
length L = A/P and at the mid-temperature between the mean glass temperature and
the ambient ∆T = Tg − Ta [183, 191]:
Qg,a-CV(i, j) = ∆x∆yhtop (Tg(i, j)− Ta) ; (3.8)
htop = 3
√
h3w + h3free ; (3.9)
hw = 2vw + 3.8 . (3.10)
The correlation used for external free convection in inclined plates is:
hfree =
kar
L
0.68 + 0.67Ra
0.25
L[
1 +
(
0.492
Pr
)9/16]4/9
 for Ra > 109 ; (3.11)
hfree =
kar
L
Nu0.25 for Ra ≤ 109 . (3.12)
with:
Ra = g cos
(
pi
2 − γ
)
β∆TL3ρ2c)/kµ . (3.13)
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The radiative and convective heat fluxes between the glass and the solar cells,
Qg,PV-RD(i, j) and Qg,PV-CV(i, j), according to [60], are:
Qg,PV-RD(i, j) = ∆x∆y
 1
1
g
+ 1
PV
− 1
σ (T 4PV(i, j)− T 4g (i, j)) ; (3.14)
Qg,PV-CV(i, j) = ∆x∆y
1
Rgap
(TPV(i, j)− Tg(i, j)) ; (3.15)
Rgap =
δEVA
kEVA
+ δg
kg
+ δPV2kPV
+ δg2kg
+ 1
hgap
. (3.16)
The thermal resistance Rgap in Equation 3.16 accounts for the conduction at the thin
top layers on the top of the PV module (top glass, or tedlar, and EVA) and for convec-
tion in the air gap that is calculated by means of the convective heat transfer coefficient
hgap. The convective heat transfer coefficient hgap in enclosed space is expressed in Ref.
[192] as:
hgap =
kair
δgap
1 + 1.44(1− 1708
Ra cosβ
)∗ (
1− 1708(sin 1.8β)
1.6
Ra cosβ
)
+
(Ra cosβ
5830
)0.33
− 1
 ;
(3.17)
In Equation 3.17:
1. The brackets signified by the superscript ‘∗’ go to zero when they are negative.
2. β is the tilt angle of the collector to the horizontal.
3. The thermal conductivity of the air kair is evaluated at the temperature TH −
∆T/2, where TH is the temperature of the hot surface and ∆T the temperature
difference between the two surfaces.
The solar irradiance absorbed by the glass cover Qg-AB(i, j) is:
Qg-AB(i, j) = ταgG∆x∆y . (3.18)
The fraction of the incident irradiance absorbed by the glass cover ταg and by the solar
cell ταPV and the reflection losses Rg are included in Equation 3.19 to Equation 3.21
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Figure 3.2: Optics of a single glazed system with opaque and semi-infinite rear layer.
below [172, 193]:
Rg = rg +
rPVτ
2
g
1− rPVrg ; (3.19)
ταg = 1− rg − τg1− rPV + rPVτg1− rgrPV ; (3.20)
ταPV =
(1− rPV)τg
1− rPVτg . (3.21)
Equation 3.19 to Equation 3.21 are calculated for a collector with a single glass cover
using the ray tracing technique for multiple reflection and transmission for a single glass
and the rear absorber (PV cells). The same calculation can be applied to a collector
with multiple glass covers. The calculation is performed for a non-thin layer1 and it can
be extended to a multilayer system. This methodology can be applied to a multilayer
system with any number of interfaces and here it is presented for the case of a single
glazed PVT module. The glazed system consists of a semi-transparent layer on the top
(glass layer) separated from the collector by a gas. The gas, generally air, is considered
having a transmission factor of 1, thus it does not absorb the radiation and the solar
cells are opaque (τ=0). The radiation is either reflected or absorbed. The energy
absorbed by the PV cell is defined as the combined transmission-absorption factor τα
that takes into account for multiple reflection and absorption and is calculated as:
τα = τgαPV
∞∑
n=0
[(1− αPV)rg]n = τgαPV1− (1− αPV)rg , (3.22)
This methodology can be extended to a multiglazed system and for calculating the
1The optical thickness of a thin layer nδ is smaller than the coherence length of the radiation,
which is about 1 µm for a black body at 6000 K [120, 194, 195].
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Table 3.1: Optical coefficients for double glazed collector.
Radiation reflected:
ρ2c-PV = ρ2c +
rPVT
2
2c
1− rPVρ2c (3.23)
ρ2c = rg1 +
rg1T
2
g1
1− rg1rg2 . (3.24)
T2c =
τg1τg2
1− rg1rg2 . (3.25)
Absorbed radiation in the top glass:
ταg1 = 1− rg1 − (1− rPV + rPVτg1)τg11− rPVrg1 (3.26)
Absorbed radiation in the bottom glass:
ταg2 = (1− ρg2 − Tg2) T2c1− rPVρ2c (3.27)
Radiation absorbed by the solar cell:
ταPV =
(1− rPV)T2c
1− rPVρ2c (3.28)
total reflected radiation Rg. A general formulation for multiglazed system is reported
in Ref. [193] and for the case of a double glazed PVT module the coefficients are
reported in Table 3.1. The subscripts in Table 3.1 are explained as follows:
• 2c: denotes the two-covers system;
• g1: denotes the top cover;
• g2: denotes the bottom cover (between the absorber and the top cover).
The absorber of a solar thermal collector is ideally a selective surface. This means
that the optical properties (specifically the absorptivity and consequently the emissiv-
ity) vary with the wavelength and the absorptivity is close to 1 for solar wavelengths
and close to zero for wavelengths that corresponds to thermal emission. The absorp-
tance for solar energy and emittance for long-wave radiation are determined from the
monochromatic data by integration over the appropriate spectral range. For normal
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Figure 3.3: Measured wavelength dependent optical properties of glass. Measurement
taken by Liav Harel [196].
operation of flat-plate solar collectors, the temperatures will be low enough that essen-
tially all energy will be emitted at wavelengths greater than 3 µm. PV modules and
cells instead are characterized by a high emissivity in this range of the spectrum. On
the other hand, most of the glasses used for solar thermal application absorb a small
amount of the solar energy spectrum and have good solar transmission with little ab-
sorption in the visible range. The transmission of solar glasses is generally not a strong
function of wavelength across the solar spectrum and glasses becomes substantially
opaque at wavelengths longer than approximately 3 µm and can be considered opaque
to long-wave radiation,absorbing most of the thermal energy while being transparent
to light [172]. Figure 3.3 shows the wavelength dependant optical properties of a glass
of 1 cm thickness obtained from Fourier transform infrared spectroscopy (FTIR) mea-
surements of transmission and reflection. The transmittance is virtually zero above
4 µm with a dip around 3 microns. It is important to note that the optical properties
can vary significantly due to the glass manufacturing process, crystallinity, impurities,
and so forth. The reflectance of the back surface is virtually zero for the entire mea-
sured wavelength range, yet another demonstration of the strong absorptivity of the
medium.
For the scope of this work, wavelength dependant optical properties of the solar cells
were used for calculating the global emittance at the cell temperature. The monochro-
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matic emissivity of the gray body, without considering the directional dependence is
defined as follows:
λ = Iλ/Ibλ , (3.29)
and the emittance of the surface at temperature T is obtained by integrating over the
all spectrum:
(T ) =
∫∞
0 λIbλ(T )dλ∫∞
0 Ibλ(T )dλ
=
∫∞
0 λIbλ(T )dλ
σT 4
. (3.30)
Ibλ(T ) is calculated by using the Planck’s law [172]:
Ibλ(T ) =
2pihC20
λ5[exp(hC0/λkBT )− 1] , (3.31)
where h is the Planck constant 6.63 10−34 J/s, kB is the Boltzmann constant 1.38 10−23 J/K
and C0 is the speed of light in vacuum. The absorptance, on the other hand, is the
ratio of the absorbed incident spectrum over the total incident spectrum Iiλ:
α(T ) =
∫∞
0 αλIiλdλ∫∞
0 Iiλdλ
. (3.32)
In contrast to emittance, which is specified by the nature of the surface and its tem-
perature, the absorptance depends on the spectral distribution of incident radiation.
In this context the absorptance is generally the terrestrial solar spectrum.
The spectral emissivity of the solar cells is generally obtained from measurements
of spectral reflection and applying the Kirchoff’s law [172]:
αλ = λ = 1− ρλ . (3.33)
The angular dependence of the glass transmittance is also evaluated in this work
with the assumption that the glass behaves as a smooth surface. The angular de-
pendence of the glass transmittance is found to influence both the thermal efficiency
and the electrical efficiency as less light is transmitted for large incidence angles. The
angular dependence of the glass transmission is calculated as:
τ(θ1) =
1
2
[
τα(θ1)(1− r⊥)2
1− (r⊥τα(θ1))2 +
τα(θ1)(1− r‖)2
1− (r‖τα(θ1))2
]
, (3.34)
where r⊥ and r‖ are the perpendicular and parallel components of reflected unpolarized
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radiation respectively calculated as:
r⊥ =
sin2(θ2 − θ1)
sin2(θ2 + θ1)
, (3.35)
r‖ =
tan2(θ2 − θ1)
tan2(θ2 + θ1)
. (3.36)
In the equations, θ1 is the angle of incidence and θ2 is the angle of transmittance
calculated as function of the refractive indexes of the glass and air n1 and glass n2:
n1sinθ1 = n2sinθ2 , (3.37)
τα(θ1) in Equation 3.34 is the fraction of transmitted irradiance trough the glass con-
sidering only absorption losses:
τα(θ1) = exp
(−KL
cosθ2
)
, (3.38)
where L is the glass thickness, K is a proportionality constant that is generally 4 m−1
for white glasses and up to 32 m−1 for iron oxide content glasses [172].
3.3 PV module energy balance
The energy balance at each node (i, j) of the PV module takes into account the thermal
radiation and convection losses to the glass cover, conduction to the rear absorber,
absorption of the irradiance and conversion to electricity. The energy balance is:
MPVcPV
dTPV(i, j)
dt =QPV-CD(i, j)−Qg,PV-RD(i, j)−Qg,PV-CV(i, j) +QPV-AB(i, j)
−QPV-A(i, j)− E(i, j) .
(3.39)
The conduction at node (i, j) is calculated as in Equation 3.2 and Equation 3.3, while
Qg,PV-RD and QPV-CV are given in Equation 3.14 and Equation 3.15, and QPV-A is the
heat transferred by conduction from the solar cell to the thermal absorber through the
layers of EVA, Tedlar and adhesive:
QPV-A(i, j) = ∆x∆y
1
RCD
(TPV(i, j)− TA(i, j)) ; (3.40)
RCD =
δEVA
kEVA
+ δTED
kTED
+ δgl
kgl
. (3.41)
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The energy absorbed by the solar cell depends on the absorption coefficient αPV of the
cell over the solar spectrum, and on the transmission τg and reflection ρg at the glass
cover. The fraction of the absorbed irradiance that is then converted into electricity is
calculated as a linear function of the cell’s temperature as in Ref. [66]:
E(i, j) = ∆x∆yGταPV
αPV
ηEL,T(i, j) . (3.42)
In Equation 3.42 the conversion efficiency ηEL,T of the incident sunlight into electricity
is assumed to decrease linearly with increasing cell operating-temperature TPV. This
is a typical assumption that is valid in the range of temperatures of operation of PV
modules, and the most common expression is [57, 60, 66, 164, 165, 176, 180, 186, 197–
210]:
ηEL,T(i, j) = ηref[1− βPV(TPV(i, j)− Tref)] . (3.43)
The conversion efficiency decreases linearly with the operating temperature, the tem-
perature coefficient βPV in Equation 3.43 is mainly a material property, having a value
of about 0.004K−1 for mono-crystalline silicon modules [60, 165]. ηref is generally
around 0.17 for c-Si cells [66, 165].
The electrical efficiency of a PVmodule is typically rated at 25 ◦C under 1000W/m2.
However, the expected operating temperature of the PV module under real operating
irradiance, ambient temperature and wind speed can be higher than 25 ◦C, resulting
in a loss in power output. The nominal operating cell temperature (NOCT) of a PV
module is defined as the temperature reached by open circuited cells under 800 W/m2,
an air temperature of 20 ◦C and a wind speed of 1 m/s. The uniform temperature of
a PV can be calculated from the NOCT temperature as follows [210]:
TPV = Ta +
G(NOCT− 20)
800 . (3.44)
3.4 Thermal absorber energy balance
The thermal absorber in a conventional solar thermal collector is generally a metal sheet
with a selective coating applied on the front surface to allow for high absorption and
reduced radiative losses. The pipes are attached at the bottom, and heat is transferred
by conduction and convection to the coolant fluid. The heat balances calculated for
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the PV module in a PVT collector can be used for the thermal absorber in a thermal
collector with some modifications and considering the heat transferred to the pipe and
the fluid. The energy balance at each node i, j of the thermal absorber in a PVT
module is:
MAcA
dTA(i, j)
dt = QA-CD(i, j) +QPV-A(i, j)−Qp(i, j)−Qloss(i, j) . (3.45)
Here, the conduction heat flux QA-CD at the node (i, j) is calculated as in Equation 3.2
and Equation 3.3, QPV-A is given in Equation 3.40, Qp in Equation 3.46 is the heat
transferred to the pipe and Qloss accounts for the heat losses to the ambient from the
rear surface through the insulation. It is assumed that: (i) the pipe wall is at uniform
temperature at each node; and (iii) the fluid and the pipe temperatures vary only along
the direction of the fluid flow. Qp is given by:
Qp(i, j) = ∆x∆y
kb
δb
(TA(i, j)− Tp(j)) , (3.46)
where kb and δb are the bond thermal conductivity and the bond thickness.
The heat transfer due to heat losses at the rear of the panel Qloss is given by:
Qloss(i, j) = ∆x∆y
1
Rloss
(TA(i, j)− Ta) , (3.47)
the thermal resistance Rloss in Equation 3.47 takes into account the conduction trough
the insulation and the free convection at the rear of the panel calculated by:
Rloss =
δi
ki
+ 1
hfree
. (3.48)
3.5 Pipe and fluid energy balance
The pipe temperature is calculated from:
Mpcp
dTp(j)
dt =
∆x∆ykb
δb
(TA(i, j)− Tp(j))− piD∆yhf (Tp(j)− Tf(j))
− piD
Rloss
(Tp(j)− Ta)
(3.49)
The bulk-fluid temperature Tf is calculated by applying the energy balance equation:
Mfcf
dTf(j)
dt = m˙cf(Tf-i(j)− Tf-o(j)) + piD∆yhf(Tp(j)− Tf(j)) , (3.50)
where the heat transfer coefficient depends on the flow regime (laminar, or turbulent)
[191], according to Equation 3.51 and Equation 3.52 for natural and for forced circula-
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tion. When the pump is not active and the fluid is not circulating in the collector, the
heat transfer occurs by conduction between the pipe wall and the centre of the pipe
and the heat transfer coefficient is given in Equation 3.53.
hf = 4.36
kf
DH
forRe < 2300 , (3.51)
hf =
kf
DH
0.023Re0.8Pr0.4 forRe > 2300 ; (3.52)
hf = 2
kf
DH
for m˙ = 0 . (3.53)
3.6 Boundary conditions
The boundary conditions required to solve the energy balance are:
Tf-i(1) = Ti ; (3.54)
∂T
∂x
∣∣∣∣∣
x=0,W/2
= 0 ; (3.55)
∂T
∂y
∣∣∣∣∣
x=0,L
= 0 . (3.56)
3.7 Calculation of solar incidence angle
Knowledge of the solar incidence angle is required for a correct estimate of the optical
properties of the PVT collector as described in Section 3.2, and ultimately of the
thermal and electrical efficiency. The solar incidence angle with respect to the collector
plane θ (Figure 3.4) can be calculated with knowledge of the surface tilt angle β, the
surface azimuth angle ζ, the local latitude φ, the longitude ψ and time zone as function
of the day of the year Nd and the time of the day t as in Equation 3.57.
θ =acos(sin(φ)sin(δ)cos(β)− sin(δ)cos(φ)sin(β)cos(ζ)
+ cos(δ)cos(φ)cos(β)cos(h) + cos(δ)sin(φ)sin(β)cos(ζ)cos(h)
+ cos(δ)sin(β)sin(ζ)sin(h)) .
(3.57)
That simplify for south oriented collectors in the northern hemisphere (ζ=0) to:
θ =acos(sin(φ)sin(δ)cos(β)− sin(δ)cos(φ)sin(β) (3.58)
+ cos(δ)cos(φ)cos(β)cos(h) + cos(δ)sin(φ)sin(β)cos(h) . (3.59)
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Figure 3.4: Solar angles diagram.
In Equation 3.57 δ is the solar declination angle that varies throughout the year as
follow:
δ = 23.45 sin
[360
365 (284 +Nd)
]
, (3.60)
and h is the hour angle:
h = (AST − 12)15 ; (3.61)
where:
AST = ET60 + t+±4
ψ − φ
60 −DS , (3.62)
and
ET = 9.87sin(2B)− 7.53cos(2B)− 1.5sin(B) [min], (3.63)
B = (D − 81)360364
pi
180 [rad]. (3.64)
DS is the daylight saving (it is either 0 or 60 min), and the sign in Equation 3.62 is ’−’
if the location is east of Greenwich while it is ’+’ if the location is west of Greenwich.
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3.8 Energy performance of a PVT module
The thermal and electrical efficiency of the PVT module can be evaluated during steady
state operating conditions or over a period of time with knowledge of the electrical
and thermal power (or energy) generated. When defining the thermal and electrical
efficiency, the reference area used for the calculation should be specified. Generally
three definitions for the area are found in the literature:
• Gross area AG: this is defined with the outer dimensions of the collector (includ-
ing the frame, glazing etc.);
• Absorber area AA: this is defined with the dimensions of the thermal absorber;
• Aperture area Aa: this is defined with the dimensions glass, and is the area over
which the solar irradiance enters the collector.
For unglazed flat plate collectors, the aperture and the absorber area are the same. The
thermal efficiency is defined as the ratio of the useful heat per unit area and incident
solar irradiance:
ηTH =
m˙ccf(Tf-o − Tf-i)
GA
. (3.65)
The electrical efficiency is calculated as:
ηEL =
PEL
GA
. (3.66)
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Numerical model for solar PVT systems
4.1 System definition
A PVT system provides electricity and hot water (or air) for application in domestic
hot water or ambient heating systems, or as a heat source for low-temperature thermo-
dynamic cycles. The electricity generated by the PV array is directly used for covering
the local demand of electricity, or it is fed into the grid. Generally, the heat collected
by the solar collector is stored in a tank, therefore heat is available also in periods of
low irradiation or during night time. Domestic systems, like the one addressed in this
thesis, have a thermal store for water pre-heating. The volume of the thermal store is
sized to household DHW use and national standards recommend that the solar storage
volume should be at least greater of the average daily demand of domestic hot water
[211] (80-200 L for a single family [188]). The energy required for heating the fluid
when the tank temperature is too low can be provided with an auxiliary heater that is
generally a gas boiler or an electric heater located externally or immersed in the tank.
The PVT system presented in this thesis is designed for the provision of domestic
hot water and it operates with liquid-type sheet-and-tubes PVT collectors. The system
comprises a PVT collector array, a storage tank with with an external auxiliary heater,
an optional bypass branch (as implemented in Ref. [212]) that allows for the recircu-
lation of the hot water to the collector during periods of low irradiance, a circulation
pump and thermally insulated connecting pipes. The system is shown in Figure 4.1
and it is essentially an indirect solar water-heating system, the desirable configuration
for installations in cold regions where an anti-freezing glycol-water mixture should be
used as heat transfer fluid. In this hydraulic configuration, the flow rate is circulated
through the PVT collectors and the solar energy is delivered to the tank by the heat
exchanger, while the hot water is delivered to the end user by circulating water directly
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Figure 4.1: Schematic diagram of a PVT system for the provision of domestic hot
water.
to/from the tank. The heat exchanger is located at the top of the tank and the solar
fluid enters the coil at the top port and leaves from the bottom, while the draw-off of
water occurs at the top of the tank and the re-fill is at the bottom. The tank operates
at constant volume, this means that whenever a draw-off of water occurs, the same vol-
ume is displaced with cold water from mains. The circulation of the fluid is regulated
by a controller that determines the activation of the circulation pump. The controller
also regulates the flow rate if a variable speed pump is in place. The controller mon-
itors the temperature in the storage tank Tt, the temperature at the collector outlet
Tf-o and inlet Tf-i, the incident solar irradiance G, and the ambient temperature Ta. An
external auxiliary heater ensures that the temperature of the delivered hot-water to
the domestic user reaches the value required by the user.
The present chapter reports the equations that are used to model the operation of a
PVT system. The storage tank can be modelled in operation with thermal stratification
or fully mixed.
4.1.1 Collector array configuration
Large collector areas are generally required in order to satisfy the demand of thermal
energy with a solar collector array. It is possible, in principle, to have a large collector
but it is preferable to combine smaller collectors together. A solar thermal or PVT
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Figure 4.2: Schematic of a solar array when the modules are connected a) in series and
b) in parallel.
array is usually composed of several collectors that are connected in series or in parallel
as shown in Figure 4.2. In a network of collectors, each collector may perform instantly
at a different efficiency and performance data for a single panel might not be applied
directly. In an array of collectors connected in series, if heat losses in connecting pipes
are neglected the inlet temperature of each collector is equal to the outlet temperature
of the previous collector. In an array of identical collectors connected in parallel, all
panels have the same inlet temperature and operate at the same thermal efficiency
if they are operated at the same flow rate assuming the irradiance is equal on each
collectors.
The thermal efficiency ηTH = ηo−U(Tf-i−Ta)/G of solar thermal and PVT panels is
defined at a certain value of flow rate m˙c. If N identical panels are connected in series
and the flow rate of the array is N times that of the single panel Nm˙c, then the single
panel performance data can be applied to the array. Otherwise, if multiple panels are
connected in series but the flow rate is set to the single panel flow rate, the performance
of the array will be less than that of the single panel. The thermal efficiency of a solar
thermal array composed of N panels connected in series and operating at the flow rate
m˙c is [62]:
ηTH = ηo
[
1− (1−K)N
NK
]
− U
[
1− (1−K)N
NK
]
(Tf-i − Ta)/G , (4.1)
where
K = AcU
m˙cc
. (4.2)
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4.1.2 Numerical model of a stratified tank
The temperature in the tank is assumed to have a one-dimensional distribution along
the tank height [213], a modelling approach that is widely used in building energy
simulations, such as in the studies reported in Refs. [214–217]. The dynamic temper-
ature distribution in the tank and in the coil is calculated by resolving numerically
the system of differential equations (Equation 4.4 to Equation 4.9) at each node j as
represented schematically in Figure 4.3. The heat balance at the coil is expressed in
Equation 4.9 and it is assumed that the coil operates in steady-state conditions at each
time iteration.
𝑄cd𝑗
 𝑚l
 𝑚coil 𝑄coil𝑗
𝑄l𝑗
𝑄L𝑗
Figure 4.3: Heat fluxes at the node j of the stratified water tank.
The energy balance in Equation 4.4 takes into account the conduction between ad-
jacent layers at different temperatures (Equation 4.5), the losses through the tank wall
and insulation Equation 4.6, the heat delivered by the heat exchanger (Equation 4.7),
and the enthalpy carried with the fluid at each draw-off (Equation 4.8). In this model,
the mixing effect at the inlet and outlet ports of the tank is neglected. This assump-
tion is valid if the fluid draw-off is dominated by the forced circulation and the mixing
and buoyancy effect in the regions near the ports can be neglected when calculating
the temperature stratification in adjacent nodes as demonstrated in Ref. [215]. The
additional thermal conductivity ∆k in Equation 4.5 is a lumped parameter and it takes
into account the mixing at each node interface and for thermal conductivity at the tank
wall [218, 219]. This parameter varies with the fluid properties and temperatures and
along the tank height, but generally a constant value is assumed and it is calculated
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as follows:
∆k = kwall
Awall
Aj
, (4.3)
where Awall and kwall are respectively the cross sectional area and the thermal conduc-
tivity of the tank wall. This equation is widely used for one-dimensional models of
hot water stores, such as in the Type 60 model for stratified fluid storage tank with
internal heat exchanger in Trnsys [220].
(
Mtct
dTt
dt
)
j
= (Qcd −QL +Qcoil +Ql)j ; (4.4)
Qcdj = (k + ∆k)j
Aj
∆H
(
Ttj − 2Ttj−1 + Ttj+1
)
; (4.5)
QLj = UPj∆H
(
Ttj − Tid
)
; (4.6)
Qcoilj = Acj
(
Tcoilj − Ttj
)
/Rcoilj ; (4.7)
Qlj = m˙lcl
(
Tlj−1 − Ttj
)
; (4.8)
Qcoilj = m˙coilccoil
(
Tcoilj−1 − Ttj
)
. (4.9)
The thermal resistance Rcoil in Equation 4.4 is calculated for a cylindrical geometry.
Rcoil accounts for the forced convection in the coil, the free convection in the tank and
the thermal resistance of the pipe walls as expressed in Equation 4.10. The correlations
used for the calculation of the heat transfer coefficients in Equation 4.11 for forced
laminar convection [221] and turbulent convection [222] in the helical coil are reported
in Equation 4.12 and Equation 4.13.
Rcoilj =
do
dihcoilj
+
ln
(
do
di
)
2kp
+ 1
htj
; (4.10)
hcoilj =
Nucoiljkcoilj
di
. (4.11)
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Nucoilj = 3.66 + 0.08
1 + 0.8( d
do
)0.9[(Recoil)jmPr0.3j ] , for Recoil < Rec ; (4.12)
Nucoilj = 0.023(Recoil)j0.85Pr0.4j , for Recoil < Rec ; (4.13)
where:
m = 0.50 + 0.29
(
di
do
)0.19
; (4.14)
Rec = 2300
1 + 8.6( di
do
)0.45 ; (4.15)
The heat transfer coefficient ht for heat transferred from the coil to the water
in the tank in Equation 4.16 is calculated using the correlation for the Nu number
in Equation 4.17 developed by Fernandez-Seara et al. [223] assuming that the tank
temperature at each node j is fully mixed.
htj =
Nutjktj
d
; (4.16)
Nutj = 0.49(Ratj)0.26 . (4.17)
4.1.3 Numerical model of a fully mixed storage tank
A storage tank is often modelled as a fully mixed tank. This is a valid assumption
when the flow rates of draws-off are large and the mixing in the fluid volume caused
by the fluid in forced circulation is predominant over the buoyancy forces. The energy
balance in Equation 4.18 applies to a fully mixed tank, the energy balance accounts
for the demand of hot water (Equation 4.19), the heat losses at the storage tank
(Equation 4.20) and the heat delivered from the collector array via the immersed heat
exchanger (Equation 4.21). In the case of the fully mixed tank, the heat exchanger is
modelled with a single node energy balance using the effectiveness TH.
Mtct
dTt
dt = Qcoil −QL +Ql ; (4.18)
Ql = m˙lcl (Tl − Tt) ; (4.19)
QL = UtAt (Tt − Tid) ; (4.20)
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Qcoilj = m˙coilccoilHE (Tcoil − Tt) . (4.21)
The heat exchanger effectiveness TH is defined according to the -NTU method as the
ratio between the actual heat transfer rate Qcoil and the maximum heat transfer rate
QMAX [172]:
TH =
Qcoil
QMAX
. (4.22)
Where QMAX = Cmin(TH,i − TC,i). The effectiveness is a non-dimensional parameter,
and generally depends on NTU , on the ratio Cmin/CMAX and on the flow arrangement.
For an immersed coil heat exchanger of a solar system, TH,i is equal to the collector fluid
temperature Tf-o and TC,i is the tank temperature. Generally the fluid in the immersed
heat exchanger undergoes a larger temperature change than that of the fluid in the
tank, thus Cmin is the product of the mass flow-rate and the specific heat capacity of the
fluid circulating throughout the collectors. NTU for an immersed coil heat exchanger
is calculated as [172]:
NTU = A
CminRcoil
= A
m˙coilccoilRcoil
, (4.23)
and the relation between the heat exchanger effectiveness and NTU is [172]:
TH = 1− e−NTU . (4.24)
4.2 System performance indicators
The performance indicators of the solar system are the thermal energy output, the
electricity output and the thermal and electrical efficiencies. The thermal power QTH
delivered by the system to the user is the amount of hot water (pre)heated in the
storage tank:
QTH = m˙lcl(Th − Tl) , (4.25)
where m˙l is flow rate of hot water required for domestic use, Th is the temperature at
the top of the tank (where the outlet port of the solar coil is located) and Tl is the
temperature of the water entering the tank from mains.
The total energy eventually required for additional heating of the water (auxiliary
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heating) is calculated as follow:
QAUX = m˙lcl(TD − Th) , (4.26)
where TD is the user required temperature and QAUX is equal to zero if Th ≥ TD.
The fraction of the thermal energy demand covered by the solar system fTH is given
in Equation 4.27 and is calculated as the contribution of the storage tank to the heating
and preheating of the hot water supply over the total energy demand of hot water at
the user required temperature TD:
fTH =
QTH
QTH +QAUX
. (4.27)
The fraction of the electricity demand that is covered with the PVT system is:
fEL =
PEL
PD
. (4.28)
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Chapter 5
Experimental tests of PVT collectors
In order to predict accurately the performance of solar energy systems providing ther-
mal energy or electricity with solar-thermal or hybrid photovoltaic thermal collectors,
the components have to be characterized in terms of their steady state and dynamic
performance. Appropriate testing methods for conventional solar-thermal collectors,
such as those described in the European Standard EN12975-2 [224], are well established
in Europe and performance data is published as standard by the manufacturers and
testing institutions and is freely available for comparison via various online resources,
such as the Institute for Solar Energy database [225]. By comparison, agreed standards
for testing specifically PVT collectors are not available, the PVT market is relatively
small at present and test data that can be used for developing and validating predictive
models for these collectors is scarce.
Recently, several authors have focused on the experimental characterization of PVT
collectors aiming to obtain reliable data on their operation and performance. Generally
the experimental investigations on PVT collectors are performed in order to evaluate
the effect that various design parameters have on the thermal and electrical efficiencies
with the aim to identify the potential for improvements. Most of the investigations have
been performed on uncovered-PVT liquid collectors. Among other studies, Cremers et
al. [99] focused on the potential improvement of the thermal contact between the
module and the absorber in a plastic design, while reducing thermal losses with rear
shielding. The improvement of the thermal contact between the PV module and the
rear absorber in a fully-wetted absorber and in a sheet-and-tube collector was also
discussed in Ref. [100]. The potential improvement of the heat loss coefficient achieved
with a glass cover was evaluated in Ref. [69]. Lammle et al. [128] recently investigated
the effect of the solar cell emissivity on the thermal efficiency of a glazed PVT panel
by applying a selective coating on the solar cells. The selective coating was shown
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to reduce the radiative heat losses by 80% at low temperature and the collector heat
loss coefficient reduces from 8.78 W/K m2 to 4.8 W/K m2 while the electrical output
dropped by only 3%rel. In another attempt to improve thermal efficiency and to enhance
the active cooling of the solar cells, the use of high conductivity nano-ferrofluids was
proposed in Ref. [226] and silica/water nanofluids has been used in Ref. [227]. It was
demonstrated that the use of fluids with higher conductivity than water resulted in a
improvement of the thermal efficiency of 19− 46%rel.
The aim of the experimental investigation presented in this thesis is to provide
performance data for PVT collectors and to evaluate the applicability of the standard
procedures for solar collector testing to PVT panels. The aim of the experiments was
to characterize PVT collectors of various designs in terms of their steady-state and
dynamic behaviour and to provide reliable data for modellers and designers. In this
chapter, Section 1 describes the experimental testing procedure and the apparatus
built at the Cyprus University of Technology, where most of the tests were performed.
Following this, the calculation of the thermal efficiency and of the effective heat capacity
is reported. The results are presented in Section 2, focusing on the effect that design
parameters - such as glazing, and quality of the thermal contact - have on the efficiency.
The data are finally used for evaluating the daily energy performance of the panels.
5.1 Experimental methods
A series of tests were performed in steady-state conditions and in dynamic conditions
according to EN12975-2 [224] to characterize the thermal and electrical performance of
four PVT collectors each of a different design and construction. The experiments were
performed at the Cyprus University of Technology in Limassol (34.67 N, 33.04 E). The
author of the present thesis planned, designed and built the testing apparatus from
scratch for the purpose of the testing campaign. The experimental testing apparatus
consists of a closed-loop direct solar system, represented schematically in Figure 5.1.
The collector is installed on a south oriented frame with 37◦ inclination angle. This
angle ensures the maximum energy collection over the entire year in Cyprus. A 150
L storage tank allows the system to operate in a closed loop, thus collecting energy
during the day. The inlet port of the 150 L storage tank is located at the top and
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Figure 5.1: Schematic of the closed loop system for PVT testing.
the outlet port is located at the bottom, water is circulated in the collector with a
three-speed circulation pump (model Grundfos UPS 180 [228]). The collector flow-rate
can be controlled by adjusting the needle valve V4 located at the collector inlet while
closing the bypass branch with the valve V7.
The ambient temperature Ta, the collector temperature at the inlet Tf-i and at the
outlet Tf-o were measured with calibrated 1.5 mm K-type thermocouples, the tem-
perature at the back of the PV module was measured with a 0.6 mm probe K-type
thermocouple. The temperature at the back of the PV module was measured in the
centre of the panel and this measurement was used for qualitative analysis and for
comparisons purpose as will be discussed in this chapter. The inlet temperature was
adjusted to the desired value with a 3 kW electric circulation heater regulated by a
PID controller through the thermocouple Tc. The global irradiance on the collector
plane was measured at 1 s sampling rate with a pyrometer installed near the collector,
and other quantities such as the I − V curve, the current and voltage at maximum
power point (MPP) and the wind speed were also monitored during the tests.
The collectors tested are shown in Figure 5.2 and are described as follows:
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• a commercial PVTmodule (M1), model Powertherm from Solimpeks (Figure 5.2a)
with a c-Si PV module of 180 W peak power; it consists of 14 riser pipes, each
of 0.75 m and 8 mm diameter, with a gross area of 1.42 m2;
• an unglazed PVT module with 65% covering factor (M2U, Figure 5.2b);
• a glazed collector with 65% covering factor (M2G);
• a glazed collector with 100% covering factor (M3, Figure 5.2c).
M2U, M2G and M3 were assembled from a commercial glazed solar thermal collector
having a gross area of 1.56 m2 consisting of 7 risers pipes of 15 mm diameter, and
a thin-film PV module of 0.94 m2 with a peak power of 110 W encapsulated in two
3 mm-thick glasses. The thin-film PV module was fabricated from a copper indium
gallium selenide solar cell. It was chosen for the experiments due to its relatively high
electrical efficiency (11.7%) and because it was sold unframed, thus allowing easier
the construction of the PVT modules M2G and M1G. The electrical and thermal
specifications of the commercial PVT panel M1, of the solar-thermal collector and of
the thin film module are reported in Table 5.1.
The global irradiance on the collector plane was measured with a precision pyra-
nometer, model Appley-PSP [229]. This instrument measures irradiance in the spectral
range of 295− 2800 nm and has a 0− 10 mV analog output. The calibration constant
is 9.11 10−6 mV m2/W and the measurements uncertainty is ±10 W/m2.
The flow-rate was measured with an analogue volumetric flow meter having a res-
olution of 0.1 L. It is estimated that the flow-rate was measured with an error of 5%.
The K-type thermocouples had originally a standard tolerance of 1.5 K and were
calibrated using a precision laboratory temperature probe that has a standard accuracy
of 0.025 ◦C. The calibration was performed in a temperature range of 8 ◦C− 80 ◦C and
resulted in a standard uncertainty of 0.12 ◦C for the inlet collector temperature, 0.15 ◦C
for the outlet collector temperature and 0.17 ◦C for the ambient temperature.
The wind speed, the ambient temperature and the irradiance were also monitored
with a wireless weather station Vantage Pro2 [230] located near the collector. Wind
speed data are monitored in order to make sure that the tests are performed at similar
ambient conditions, this is a required condition for comparing results obtained from
the numerous tests.
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The current, voltage and the electrical power were measured with the peak-power
measuring device PVPM 2540C [231] that measures the current-voltage (I − V ) curve
of the PV module. The peak power is measured with an accuracy of 5% when the
incident irradiance is greater than 600 W/m2 and the panel is not shaded. During
the tests the collector operates close to the condition of maximum electrical output by
means of a linear rheostat with a maximum resistance of 52 Ohms.
a) b)
c)
Figure 5.2: a) Commercial PVT (M1); b) Unglazed PVT built in house module with
65% covering factor (M2U); c) Glazed PVT module with 100% covering factor (M3).
Other than the tests performed in Limassol with the present apparatus, some tests
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Table 5.1: Specifications of the commercial PVT module, of the solar thermal collector
and of the thin film module used during the tests.
PVT commercial module M1 [232]
Thermal efficiency 1 0.486− 4.028 (Tc−Ta)G − 0.067 (Tc−Ta)
2
G
PV module efficiency 2 12.6%
Voc 43.39 V
Isc 5.55 A
Nominal power 180 W @ 5.12 A, 35.15 V
Effective heat capacity 20 kJ/K
Solar thermal collector [233]
Thermal efficiency1 0.618− 4.236 (Tc−Ta)G − 0.011 (Tc−Ta)
2
G
Effective heat capacity 14.6 kJ/K
Glass transmittance 0.91
Thin film module Solibro [234]
Module efficiency 11.7%
Voc 93.3 V
Isc 1.69 A
Nominal power 110 W @ 1.52 A, 72.4 V
Temperature coefficient (power drop) -0.38 %/K
1Equation given by the manufacturer
2At standard testing conditions for PVT operating at the maximum power point
that required a higher measurement accurancy were performed at the Applied Energy
Certified Laboratory for solar collector testing in Nicosia (Aelab) [235]. These tests
were performed according to EN12975-2 following the requirements for collector cer-
tifications. The procedure for the data analysis, and the minimum sensors accuracies
are described in EN12975-2 and these values are not reported in this thesis.
5.1.1 Error analysis
The uncertainty associated to each of the measured quantity has been estimated. The
standard deviation of N repeatable measurements taken for each quantity measured
during the test is [236]:
u(s) =
(∑N
j=1(xj − x)2
(N − 1)
)0.5
. (5.1)
The measurement accuracy a is also considered in the error analysis, and the stan-
dard uncertainty of the quantity measured due to calibration error is [236]:
u(a) = a√
3
. (5.2)
It is possible that there are many independent sources of uncertainty in a mea-
surement. Once there are identified and estimated the final uncertainty of a measured
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quantity is [236]:
u =
[∑
i
u2i
]0.5
. (5.3)
Quantities Y such as the thermal efficiency and the temperature differences are
not measured directly but are evaluated from direct measurements of other quantities
X (such as irradiance, temperature, flowrates etc.) through a relationship such as
Y=f(X1, X2, ...Xn). In this case the standard uncertainty of Y is calculated as:
u(y) =
 n∑
i=1
(
∂f
∂xi
)2
(u(xi))2
0.5 . (5.4)
5.1.2 Steady state characterization
The steady-state efficiency is obtained by testing the collector over a range of inlet
temperatures at incidence angle ≤20◦ and at global irradiance ≥800 W/m2 as spec-
ified in EN12975-2 [224]. In order to compare the thermal efficiency of the different
collectors, the flow rate per unit area was kept at the same value of 0.02 kg/s m2 during
all tests, while the PVT electrical output is maintained at the maximum power point.
The steady-state collector efficiency is obtained as follows:
ηTH =
m˙c(Tf-o − Tf-i)
GA
= ηo − a1T ∗ − a2GT ∗2 . (5.5)
ηo is the optical efficiency (or efficiency at zero reduced temperature, that is the effi-
ciency achieved when the convective heat losses from the top collector temperature are
zero and the radiative heat losses are negligible for low-emissivity coated collectors),
and a1 and a2 are temperature dependent heat loss coefficients. In order to determine
the coefficients ηo, a1, a2 according to EN12975-2 [224] the thermal efficiency measured
in steady state over a range of inlet temperatures is plotted against the reduced mean
temperature T ∗ = (Tc−Ta)
G
, where Tc is the average of the measured inlet and outlet
temperatures, and a second-order least-squares fit is applied to the data.
5.1.3 Dynamic characterization
The time-varying behaviour of the collector is described by Equation 5.6 [62, 172] which
includes the effective heat capacity C, a parameter used to characterize the transient
performance of solar collectors. This parameter provides a simplified approach to
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transient modelling by a modification of the steady-state efficiency equation to include
a time-derivative term as in Equation 5.7. Here, η(o) is the efficiency measured when
the collector temperature is equal to the ambient temperature.
m˙c(Tf-o − Tf-i) = ηoAG− a1A(Tc − Ta)− a1A(Tc − Ta)2 − C dTcdt ; (5.6)
m˙c(Tf-o − Tf-i) = η(o)AG− UA(Tf-i − Ta)− C dTcdt . (5.7)
A semi-empirical method for estimating C is presented in EN12975-2, in which the
thermal capacity of each component of the collector is multiplied by a weighting factor
p . In the latter method, only the thermal capacity of certain components constituting
the panel are included in the calculation, based on their estimated degree of thermal
interaction with the heat transfer fluid. Thus the metal absorber and the fluid are des-
ignated as high weighting factor components, while the insulation and external glazing
layer are designated as low weighting factor components. Recommended weighting fac-
tors are provided in Ref. [224] only for a simple example of a glazed flat plate collector
which includes the absorber, insulation, glazing and heat transfer fluid. Component
weightings applying to other collector designs (for example the PV module in a PVT
collector) are not provided in the standard. The total effective thermal capacity of the
collector is found by summing the values for each n element:
Cwt =
∑
pnMncn (5.8)
An experimental method for evaluating C is also presented in EN12975-2. In this
method, the collector is exposed to a step change in irradiance and the time taken for
the collector outlet temperature to reach a new steady-state value is measured (while
the inlet temperature is maintained at a constant value). Then, the effective heat
capacity is obtained from Equation 5.9 after integrating and rearranging Equation 5.7.
The time constant τs is also evaluated from the dynamic response of the collector
to a step variation of the input. As defined in the EN12975, the time constant in
Equation 5.10 is the elapsed time that is required to reach a ∆T of 63.2% (1/e) of the
final steady state from the initial steady condition.
Cexp =
Aη(o)
∫ t2
t1 Gdt− m˙c
∫ t2
t1 ∆Tfdt− AU
[∫ t2
t1 (Tf-i − Ta)dt+ 0.5
∫ t2
t1 ∆Tfdt
]
Tc,2 − Tc,1 . (5.9)
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τs :
Tf-o(t)− Tf-o(0)
Tf-o(t)− Tf-o(∞) = 0.632 (5.10)
5.1.4 Calculation of the electrical efficiency
The electrical efficiency is evaluated by measuring the electrical power at the maximum
power point with the measuring device PVPM 2540C. The electrical efficiency decreases
with the module temperature according to [57, 66, 165, 166]:
ηE = η0[1− βPV(TPV − T0)] , (5.11)
where TPV is the PV temperature, βPV the temperature coefficient (0.004 K−1 for c-
Si cells), and η0 is the electrical efficiency at the reference temperature T0 of 25 ◦C
[57, 60, 165, 237].
5.2 Results and discussion
This section reports the results of the steady-state and the dynamic tests performed
on the PVT collectors M1, M2U, M2G and M3. Due to the intrinsic non-steady
state testing conditions, and due to the limitations of the accuracy of the instruments
used - especially in the flow rates - the thermal efficiency could be measured with an
uncertainty of 10% from the Limassol apparatus. Tests that required a higher accuracy
were performed at Aelab [235]. The experimental results of the steady-state tests are
reported in tabulated form in Appendix B.
5.2.1 Steady-state test results
Thermal efficiency and electricity generation
The thermal efficiency of M1 was evaluated with the PV module operating in open
circuit or connected to a variable resistor and generating power close to the maximum
power point. It is recommended that inverters with embedded power-point tracking
devices are used for accurate steady state characterization of PVT modules with com-
bined electrical output. The thermal efficiency obtained was higher when the PVT
operated in open circuit and roughly 11% more energy was available for direct thermal
conversion. On the other hand, the heat losses were slightly enhanced (5% relative in-
crement of the heat loss coefficient U) because the fluid achieved a higher temperature.
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Figure 5.3: Experimental steady-state thermal efficiency plotted against the reduced
mean temperature T ∗ = (Tc−Ta)
G
of the commercial PVT module M1 with the PV
operating in open circuit (red diamonds) and at the maximum power point (MPP)
(blue circles). The figure also shows the extrapolated thermal efficiency curve obtained
by least-square fitting of the experimental data for the PVT collector operating in open
circuit (red dashed) and at the maximum power point (blue dashed).
The thermal efficiency curves are reported in Table 5.2 for the two configurations and
the data are shown in Figure 5.3.
Table 5.2: Results of the steady state test on the commercial PVT module M1 with
the PV operating in open circuit and at the maximum power point (MPP).
Experimental thermal efficiency
PV open circuit (PV-OFF) ηTH = 0.40− 4.97 (Tf-i−Ta)G ; ηTH = 0.42− 4.96T ∗ − 0.003GT ∗2
PV MPP (PV-ON) ηTH = 0.36− 5.23 (Tf-i−Ta)G ; ηTH = 0.37− 4.64T ∗ − 0.03GT ∗2
Thermal and electrical efficiency with glass cover
M2U and M2G were tested under irradiance varying between 650 W/m2 and 910 W/m2
in July, and at inlet temperature between 32 ◦C and 76 ◦C, that is the typical range of
temperatures for domestic hot water and heating applications. The thermal efficiency
curves of M2U and M2G are shown in Figure 5.4 where the thermal efficiency is plotted
against the reduced temperature with an error of ≈10%, and the calculated coefficients
of the thermal efficiency are reported in Table 5.3. From these results it is evident that
adding a glass layer results in an improvement in the thermal efficiency. The heat
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Figure 5.4: Thermal efficiency of the PVT module built in house with 65% packing
factor. One set of experiments were performed with a cover glass (red circles). The
cover glass was removed in the second set of experiments, simulating an uncovered PVT
module (green squares). The extrapolated thermal efficiency curves are obtained by
least-square fitting of the thermal efficiency plotted against the reduced temperature
for the glazed PVT collector M2G (red dashed) and the unglazed PVT panel M2U
(green dashed).
Table 5.3: Test conditions for the evaluation of the thermal and electrical efficiency of
the glazed and unglazed PVT module with 65% covering factor.
PVT module G Ta Tf-i Thermal efficiency curve[W/m2] [◦C] [◦C]
Glazed M2G 667−843 37.9−38.8 32.0−75.5 ηTH = 0.39− 2.17(Tf-i − Ta)/G ;
ηTH = 0.40− 3.76T ∗m
Unglazed M2U 803−909 38.0−38.7 32.6−75.7 ηTH = 0.31− 8.37(Tf-i − Ta)/G
ηTH = 0.32− 7.07T ∗m − 0.07GT ∗m2
loss coefficient U of the glazed PVT module M2G was 2.2 W/m2 K, while for the
unglazed M2U it was 8.4 W/m2 K, the optical efficiency was also slightly improved for
the glazed configuration due to lower heat loss rate despite additional optical losses
due to reflection. It should also be noted from these results, that the unglazed PVT
module can only be used for applications that required 65 ◦C as it performs with a
negative efficiency at higher fluid inlet temperatures when the irradiance is greater
than 650 W/m2.
The electrical efficiency of M2U decreased linearly with the mean fluid temperature
as shown in Figure 5.5. The temperature coefficient of 1.4 %/K was extracted from
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Figure 5.5: Electrical efficiency of the unglazed PVT module plotted against the mean
fluid temperature (with the Solibro PV module having a nominal electrical efficiency
of 11.7% and a PV module area of 0.94 m2). The electrical efficiency is calculated
based on the PVT collector area of 1.56 m2 and it is plotted against the mean fluid
temperature Tc. The temperature-dependent electrical efficiency curve (dashed line)
is obtained by least-square fitting of the electrical efficiency plotted against the mean
collector-fluid temperature.
a linear fit of electrical efficiency plotted against collector temperature. This value
was found to be lower than the value stated in the PV module specification sheet
of 3.5 %/K; although the former was based on the average of the fluid temperatures
measured at the inlet and at the outlet, while the latter is provided by the manufacturer
and is calculated on a uniform temperature measured on the PV module.
The electrical efficiency of M2G is on average 20% lower than the electrical efficiency
of the unglazed version due to a transmission and reflection loss caused by the additional
cover glass. The transmission of a glazed collector can be calculated from the glass
and PV otpical properties using the formulations reported in Refs. [172, 193], it is
∼92% at normal incidence [238]. However, the glass-layer transmittance is reduced at
larger incidence angles, leading to a further loss in electrical performance. Moreover,
it is found to have a notable effect on the results, as shown in Figure 5.6. During
the hours over which the tests were performed (between 10:47 am and 1.20 pm), the
smallest incidence angle (27◦) corresponds to a transmittance of 0.83, while the largest
incidence angle (∼35◦) corresponds to a lower transmittance value of 0.78. At the
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Figure 5.6: Electrical efficiency of the glazed module varying with the incidence angle
(circles) at various incidence angles which correspond to different glass transmittance
values (stars). The electrical efficiency was corrected by the glass transmittance (tri-
angles) and the electrical efficiency curve of the unglazed PVT module is also reported
for comparison (dashed line). The measurements have been taken between 10:50 am
and 1.20 pm.
lowest collector temperature, for which the electrical efficiency would ordinarily be
the highest, the larger incidence angle corresponds to a reduced glass transmittance
(shown by the star points) and the result is a decrease in electrical efficiency (shown
by the circular points). So the point where the maximum electrical efficiency occurs is
a combination of the cells temperature and incidence angle.
The electrical efficiency can be corrected for the angular glass transmittance using
Equation 5.12 resulting in the values shown by the triangle points in Figure 5.6. The
corrected results show the anticipated linear trend of decreasing electrical efficiency
with increasing temperature and also show good agreement with the results obtained
for the unglazed collectors.
ηEL
∗ = ηEL
τg(θ)
(5.12)
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PV module
Copper fins
Thermal paste 
(thermal contact)
Figure 5.7: Schematic of a PVT module assembly including the PV module, the copper
fins and pipes and the thermal grease.
Sensitivity to thermal contact
Generally, the thermal contact between the PV module and the absorber plate is
improved by means of a thermally conductive paste as shown in Figure 5.7. The
materials used are generally silicone adhesives, copper foils, aluminium filled epoxy
glue and silver filled glue [101, 102, 104, 105]. This solution was also adopted for the
manufacturing of the commercial PVT panel M1, where the back of the PV module
was covered with a uniform layer of black thermal paste (Figure 5.8a).
a) b)
Figure 5.8: Detail of the back of the PV module installed in M1. a) A uniform layer of
black grease of ∼3 mm thickness was applied with the aim of enhancing the thermal
contact between the copper fins and the PV module; b) the fins were bent around the
pipe, touching the PV only for a small portion of the total area.
The thermal efficiency of the commercial PVT collector M1 measured experimen-
tally and reported in Table 5.2 was found to be 23% lower than the value reported
in the specification sheet as reported in Table 5.1 and this discrepancy with the data
provided by the manufacturer was attributed to a poor quality of the assembly. Fol-
lowing this result, M1 was inspected in order to check weather damage occurred during
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Figure 5.9: Application of the thermal paste on the copper fins of the thermal collector.
installation or transportation that might have caused the observed deterioration of the
thermal efficiency. Figure 5.8a shows the back of the PV module in M1 that was in
contact with the copper fins, those are shown in Figure 5.8b: a layer of black grease
was applied uniformly at the back of the PV module whereas the copper fins have only
a small surface area in direct contact with the PV module (the copper fins are slightly
bent around the pipes, and don’t have the selective coating that is normally applied
on the copper absorbers in solar thermal collectors) with insulating air gaps forming
between the PV modules and the copper fins.
For the M2G collector, improvements were made to the thermal contact between
the PV layer and the thermal absorber by applying a silicon paste with a thermal con-
ductivity of 2.3 W/m K [239] as shown in Figure 5.9, and the effect on the thermal and
electrical performance was investigated. It was found that an improvement in thermal
efficiency could not be observed conclusively beyond the margin of experimental er-
ror; however, Figure 5.10a shows that the application of the paste results in a 10 ◦C
lower temperature measured on the PV layer. This in turn results in a 6− 8% relative
improvement in electrical efficiency, as shown in Figure 5.10b.
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Figure 5.10: a) Electrical efficiency and b) PV temperature plotted against the reduced
mean temperature to show the effect of applying the thermal grease.
Covering factor
For the M2G and M2U collectors, the PV module covered only 65% of the area of the
thermal absorber, leaving the remaining area at the top of the collector exposed (see
Figure 5.2c). The effect on the thermal performance of increasing the PV covering
factor to 100% was investigated for the M3 collector by using a reflective thermal
insulator to cover the exposed absorber area. The thermal efficiency of M3 was found
to be similar to M2G at low values of T ∗ but shows a more substantial deterioration at
increased fluid temperatures, (see Figure 5.11). It should be noted that the emissivity of
the PV layer is high compared with the selective coated copper absorber (0.8 [120, 122]
compared to 0.05 [59, 121]) resulting in increased radiative losses at higher operating
temperatures from the PV layer.
Electrical performance of PV modules with low-temperature active cooling
The PV modules that were installed in the PVT panels tested so far were also tested
without active cooling taking place, i.e., a flow of water at low temperature. The c-
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Figure 5.11: Comparison of the thermal efficiency of the PVT module with 100%
covering factor (black, experimental data) and with 65% covering factor (red dashed
line, extrapolated thermal efficiency curve from the experimental data reported in
Figure 5.4).
Si PV module reached a maximum steady-state temperature of 60 ◦C at 870 W/m2,
low wind and ambient temperature of 33 ◦C, at which point the measured electrical
efficiency was 14%. The Solibro PV module was tested under high and low irradiance
levels, and the maximum module temperature measured was 42 ◦C at an electrical
efficiency of 11.5% (calculated over the PV area of 0.94 m2). The Solibro PV module
operated at temperatures that are 30 ◦C higher when installed in a PVT module
despite the active cooling (from Figure 5.10b) due to the insulation that suppresses
the convective heat losses at the back of the module, and the relatively high fluid
temperatures. Consequently it is expected that the electrical performance of a PVT
module operating at a fluid-temperature range of 40− 80 ◦C is lower than that of an
equivalent PV module due to higher panel temperatures and, if the PVT is glazed, due
to additional optical losses.
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5.2.2 Dynamic characterization of PVT modules
For all collectors, the effective heat capacity has been calculated according to the
weighting factor method. The list of all material components making up the flat-plate
collector and the PVT panels is reported in Table 5.4 with the masses and the specific
heat capacities. The recommended weighting factors for the components included in
the EN12975-2 [224] are included in the table where available, components such as the
frame and the connections with the pipes are assumed to be thermally isolated from the
collector fluid and thus do not take part in the calculation of the effective heat capacity,
and a weighting factor of 1 is assumed for the PV module. Using the parameters in
Table 5.4, the values of the effective heat capacity Cwt calculated according to weighting
factor method are reported in Table 5.5.
Table 5.4: Flat plate, commercial PVT and built in house PVT component masses
(determined by weighing), specific heat capacities and weighting factors (according to
EN12975-2).
PVT commercial module M1
Components Materials Density Mass, M Heat capacity, c Mc Weighting factor pkg/m3 kg J/kg K J/K
Absorber
plate, tubing Copper 8978 2.6 385 992.8 1
Glass cover Glass 2700 12.7 800 10168 0.014
Fluid Water 1000 0.5 4186 2201.8 1
Insulation EPS, 1.7, 1.7 EPS 1300, 1671.2 0.5Glass wool 16 Glass wool 670
PV module 15.8 20108 -
Thermal collector
Components Materials Density Mass, M Heat capacity, c Mc Weighting factor pkg/m3 kg J/kg K J/K
Absorber
plate, tubing Copper 8978 7.1 385 2752.0 1
Glass cover Glass 2700 15.6 800 12457.9 0.014
Fluid Water 1000 1.8 4186 7723.6 1
Insulation EPS, 18 0.6 1300 1796.3 0.5Glass wool 24 2x0.8 2x670 2x547.2
Thin film module
Components Materials Density Mass, M Heat capacity, c Mc Weighting factor pkg/m3 kg J/kg K J/K
PV module Glass 2700 16.5 800 12168 -
The experimental values of the effective heat capacity and the time constant of
the PVT panels calculated by integrating Equation 5.9 according to the procedure
described in Section 5.1.3 during a step-change of the incident irradiance are reported in
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Table 5.5: Effective heat capacity Cwt calculated according to the empirical procedure
described in the EN12975-2, using a weighting factor of 1 for taking into account for
the PV module in a PVT collector.
Module Cwt
Commercial solar thermal 11.6 kJ/K
Commercial PVT M1 24.3 kJ/K
Built in house PVT unglazed M2U 23.6 kJ/K
Built in house PVT glazed M2G 23.8 kJ/K
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Figure 5.12: Test 3, step change of incident irradiance on the Powertherm PVT module.
During the test, the collector inlet temperature (dashed) is maintained close to the
ambient temperature (dotted). The collector is initially shaded with a reflective cover,
then the irradiance (red) is increased in a step by uncovering the collector. The ambient
temperature, the irradiance, and the temperatures at the inlet and at the collector
outlet (black solid) are monitored during the test. The required duration of the test is
∼30 minutes, plus the time needed for reaching the initial steady state
Table 5.6. In Table 5.6 the irradiance, ambient temperature and inlet fluid temperature
are reported with the calculated standard deviation during the tests. Tests 3− 5 and
11− 14 have been performed at Aelab [235], thus the data were characterized by a
higher measurement accuracy. As an example, the temperature evolution for the M1
collector during test 3 is plotted in Figure 5.12.
For all collectors, a large discrepancy is found between the values of C obtained
using the experimental and calculation-based methods that is 2 to 5 times lower, and
it is concluded that experimental tests for characterizing the dynamic performance of
PVT collectors are required. The dynamic tests revealed a 46% increase in the effective
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thermal capacity for the M2U collector compared to the flat-plate collector as a result
of the addition of the PV layer. This relative increase was relatively well predicted
by the weighted-component calculation method. However, a more significant (188%)
increase in effective heat capacity was observed between the M2U and M2G as a result
of the addition of the glass layer. The extent of this increase was under-predicted by the
weighted-component calculation method, due to the very low weighting factor (0.014)
recommended for the glazing in the European Standard EN12975-2. In the case of a
PVT collector, the degree of thermal interaction with the glazed layer may be more
significant due to the higher emissivity of the PV layer compared to the selectively-
coated metal absorber, resulting in a higher proportion of the absorbed thermal energy
re-radiated to the glass layer.
As can be seen from the results listed in Table 5.6, the time constant for the glazed
PVT collectors ranges from 90 s to 474 s (1.5 min to about 8 min), compared with the
flat-plate collector that has a time constant of ∼2 min.
Furthermore, the masses of the PVT collectors are higher than the mass of the
solar thermal collector due to the addition of the PV module (for M1, M2U and M2G
is 37%, 3% and 64% respectively higher than the mass of the flat plate collector).
The commercial PVT collector M1 was found to have the largest heat capacity and
time constant due to certain design and construction features including small tube
diameters that limit operation to a low range of flow-rates, and to the poor thermal
contact between the PV layer and the absorber plate as discussed.
From a practical perspective, repeatability of results from the experimental method
was difficult to achieve in an outdoor setting and the results were sensitive to envi-
ronmental conditions and flow-rate. It should be noted that the European Standard
EN12975-2 [224], provides the following guidance for determining the second steady
state: "a steady-state condition is assumed to exist when the outlet temperature of the
fluid varies by less than 0.05 K per minute". This guidance was followed for tests
11-14, performed at the Aelab testing facility. For collectors with a very slow thermal
response (also typical of PVT collectors), it is possible that the above criteria may lead
to an underestimation of both the final steady-state temperature and the collector time
constant. The time taken for the PVT collectors to reach steady state when exposed
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to a step-change in irradiance was as much as 30 min, suggesting that dynamic char-
acterisation of PVT collectors using the experimental method could prove expensive
compared to flat plate thermal collectors with lower thermal inertias. Thus an accurate
predictive model might be preferred for the evaluation of both the steady state and the
dynamic behaviour of PVT collectors to avoid lengthy and expensive testing.
5.3 Daily performance
This section reports the results of daily monitoring of the PVT modules. During a full
day the collectors operated at constant flow rate while energy is accumulated in the
tank; at the end of the monitoring period the daily electrical efficiency, the electricity
generated, the daily average thermal efficiency and the thermal energy accumulated
in the tank are evaluated. In this section, the effective heat capacity is also evaluated
from data collected during a cloudy day over a two-hour monitoring period around
solar noon by integrating Equation 5.9 according to the method used in Ref. [56]
in an attempt to reduce the time required for collector characterization. The outlet
collector-temperature evolution during a cloudy day is also predicted by a lumped
dynamic model that uses the experimentally obtained values of the thermal efficiency
and the heat capacity calculated with the weighting method or experimentally.
5.3.1 Daily monitoring of thermal energy generated
Full-day monitoring of the commercial module M1 was conducted in winter 2015 and
in summer 2016, and full-day monitoring of the performance of M2U and M2G were
performed in summer 2016 (Figure 5.13). Only data with a positive thermal efficiency
have been considered in the analysis (thus the data collected in early morning and late
afternoon were not considered). If a least-square fit is applied to the instantaneous
thermal efficiency plotted against the temperature difference Tf-i− Ta, the result is the
average efficiency curve reported in Table 5.7 that is in good agreement with those
obtained with steady state tests according to the EN12975-2 and presented earlier.
The results reported in Table 5.7 show that the unglazed PVT module performs with
the lowest daily average efficiency as expected and collects the least amount of thermal
energy.
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Figure 5.13: Full day monitoring of M1, M2U and M2G. The measurements corresponds
to the data reported in Table 5.7.
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The data collected on the commercial panel M1 during two cloudy days, the 21st
of November 2015 and the 1st of December 2015 are shown in Figure 5.14, the data
are collected over a 2-hours monitoring period around solar noon and were used for
evaluating the effective heat capacity. The effective heat capacity calculated using
temperature and irradiance data during the 21st of November is 98 kJ/K and it is
73 kJ/K when using data collected on the 1st of December. It can be concluded that
the results vary with irradiance stability and operating conditions (temperatures and
slight variations of flow-rate). The outlet fluid temperature predicted by the lumped
collector model using different values of the effective heat capacity on the 21th of
November is reported in Figure 5.15. The estimation of the collector temperature-
difference between the inlet and the outlet Tf-o−Tf-i calculated when the effective heat
capacity is 24.3 kJ/K (values obtained by using the weighting factor method) deviates
from the experimental results by 40% in average, while the average deviation is 16%
when the effective heat capacity is 98 kJ/K (values obtained from Equation 5.9 with
data collected over two-hours monitoring period on the 21st of November).
5.3.2 Daily monitoring of electricity generated
When evaluating the electrical efficiency of the PVT modules, the collector should be
completely unshaded as partial shading deteriorates drastically the electrical power
output and the electrical efficiency. The I − V curve of the Powertherm module M1
is shown in Figure 5.16 in unshaded conditions (Figure 5.16a in comparison with a
condition of partial shading (Figure 5.16b. If partial shading occurs, the I − V curve
presents multiple peaks and the maximum power occurs at a lower voltage as compared
with the unshaded case [240, 241].
During the day, the electrical efficiency and the open circuit voltage vary linearly
with the temperature and the average temperature coefficient dVOC/dTc is reported
in Table 5.8. The average temperature coefficient is obtained by linear fit of the in-
stantaneous values of the electrical power generated during the day plotted against the
collector temperature shown in Figure 5.17 and Figure 5.18.
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Figure 5.14: Cloudy day measurements on M1.
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Figure 5.15: Daily test on commercial PVT collector M1 for evaluation of the exper-
imental effective heat capacity. The data analysed are for incidence angle below 20◦
and during a cloudy day in November. a) Collector inlet temperature (black-solid)
and outlet temperature (red) measured; collector outlet temperature calculated with
the one-dimensional approximation in Equation 5.7 using the empirical value of C cal-
culated with the weighting factor method as from Table 5.5 (dashed) and using the
experimental value obtained by fitting the daily data (dotted). b) Irradiance data
collected during the same time interval.
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Figure 5.16: Measured a) I−V curve (blue) and P −V curve (red) of the Powertherm
collector when it was not shaded and b) when it was partially shaded the same day.
The higher short circuit current generated in the unshaded case is due to a more intense
incident radiation and it is not attributed to shading.
Table 5.8: Electrical daily monitoring of electrical performance.
Day Start EEL EEL-A PMPP ηEL
dVOC
dTc
End [kWh/day] [kWh/day m2] [W] [%] [V/K]
Powertherm module M1
29 Jun 10:15 0.69 0.48 120.8 9.4 0.11
16:45
30 Jun 10:15 0.69 0.48 121.0 9.2 0.11
16:45
Glazed module 65% M2G
25 Jun 10:15 0.38 0.24 76.2 5.1 0.24
16:28
26 Jun 10:19 0.38 0.24 74.7 5.0 0.24
16:11
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Figure 5.17: Daily electricity generation of collector M1, corresponding to the data
reported in Table 5.8. These figures report the maximum power PMPP(black solid), the
open circuit voltage UOC (red) and the mean collector temperature Tc (black dashed).
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Figure 5.18: Daily electricity generation of collector M2G, corresponding to the data
reported in Table 5.8. These figures report the maximum power PMPP(black solid), the
open circuit voltage UOC (red) and the mean collector temperature Tc (black dashed).
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Figure 5.19: a) Daily thermal and electrical energy generated with M2G on the 25th of
June b) daily thermal and electrical energy generated with M1 on the 30th of June.
The electrical and thermal energy generated by M2G on the 25th of June is shown
in Figure 5.19a, and it can be compared with the energy generated by M1 monitored
on the 30th of June reported in Figure 5.19b. M1 has a larger electrical output thanks
to the higher electrical efficiency of the c-Si module in comparison with the electrical
efficiency of the thin-film module (12.6% and 11.7% respectively), and due to the larger
area of the PV module. However, as expected, the daily thermal energy generated by
M2G is higher especially during the afternoon when compared with M1. As a result,
the thermal energy collected by M2G is 50% higher than the thermal energy collected
by M1 (3.3 kWh/day versus 2.2 kWh/day, while the available irradiance on the collector
plane for the two days was 5.6 kWh/m2 on the 30th of June and 5.2 kWh/m2 on the
25th of June, from Table 5.7). During the two sunny days analysed, M2G generates
2.2 kWh/m2 while M1 generates 2.1 kWh/m2 considering the sum of electricity and
heat, that corresponds to an energy efficiency of 43% and 37% respectively. Despite the
lower electrical energy output, caused mainly by the smaller PV area, M2G generates
more energy and operates with a higher total energy efficiency than the fully covered
92
CHAPTER 5. EXPERIMENTAL TESTS OF PVT COLLECTORS 5.4
commercial module M1 with c-Si solar cells. A larger portion of the available solar
energy can be converted in useful thermal energy with respect to electricity in PVT
module. As consequence, a PVT module characterized by a higher thermal efficiency
due to its design specifications (partially covered absorber, improved thermal contact,
good insulation, glass cover and reduced convection losses) generates a higher amount
of renewable energy compared to a PVT module that is designed for maximising the
electrical output. This should be taken into consideration when designing systems that
generates thermal energy and electricity simultaneously.
5.4 Summary and further discussion
The work presented in this chapter provided an extensive experimental analysis of PVT
collectors with the aim to provide information on the main causes for efficiency losses.
Most of the performance data available in the literature were obtained at steady-state
operating conditions whilst it was demonstrated that PVT modules are characterized
by a large thermal mass and the effective heat capacity should be quantified experimen-
tally and the thermal inertial should be taken into account in predictive performance
models. It was also demonstrated that the use of lumped model that simulates the dy-
namic performance of PVT collectors is not appropriate for certain irradiation regimes
and may lead to inaccurate performance prediction.
The dynamic behaviour of solar-thermal and PVT collectors has an important bear-
ing on the annual performance of solar systems that varies across different geographical
settings. Year-round intermittency of direct solar irradiance due to cloud interruption
is a dominant feature of northerly European climates such as in the UK. The interna-
tional standards for solar collector testing, such as the EN12975-2, include experimental
and calculation-based procedures for characterising the dynamic performance of solar
collectors. The calculation-based procedure is typically preferred in practice due to
its greater simplicity although its accuracy has been a matter of critical discussion in
subsequent reviews [242]. The experimental procedure, on the other hand, requires
suitable conditions when performed outdoors and can therefore be costly and time-
consuming [56]. The experimental results presented in this chapter showed that for
PVT panels, which are characterized by a large thermal mass, the procedure results
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are inaccurate. The same result was reported by the author and presented in Ref. [243].
Outdoor tests were performed on a range of PVT collectors in order to characterize
their electrical and thermal performance. Steady-state and dynamic tests according
to the EN12975-2 were performed on four panels: a commercial glazed module with
c-Si PV cells, an unglazed panel with 65% covering factor, a glazed panel with 65%
covering factor and a glazed PVT panel with 100% covering factor.
The results of the steady state tests show that PVT collectors should be operated
unshaded and at the maximum power point during characterization tests, as the ther-
mal efficiency is ∼10− 15% lower when the PVT collector is generating electricity at
its maximum power point. Moreover, a precision power tracking device, such as an
inverter with embedded power tracking capability, should be employed as small vari-
ations in operating voltage result in a large variation of the electrical power output,
thus compromising the results of the characterization tests.
The effect of various design features on electrical and thermal efficiency was inves-
tigated, including external glazing, ratio of PV area to thermal absorber area (covering
factor), and enhancements to the thermal contact between the PV and absorber layers.
The addition of a glass cover resulted in a considerable improvement in thermal perfor-
mance, with the heat loss coefficient decreasing from 8.4 to 2.2 W/m2 K. On the other
hand, the increased reflection losses led a to a 10− 20% reduction in electrical output,
which was found to be more significant than that due to the temperature effect over the
operational range of temperatures considered. The reduction in electrical efficiency was
most notable at larger incidence angles and thus the use of high transmittance glass or
tracking is highly recommended for maximising the electrical output of PVT systems.
Enhancements to the thermal contact between the PV layer and the absorber plate
increases the thermal efficiency of the PVT module, and was found to result in a ∼10◦C
lower operating temperature measured at the PV layer. This has the potential to bring
further associated benefits such as increased electrical efficiency and reduced long-term
performance degradation of the PV module [13]
Dynamic tests revealed a slow thermal-response for the commercial PVT collector
(time constant of the order of up to 8 min) when compared to a conventional thermal-
only flat-plate collector (<2 min). Furthermore the experimental method results in
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an effective heat capacity value that is 2− 5 times larger than that obtained from the
more widely-used weighted-component calculation method. The dynamic test results
were found to be highly sensitive to the operating conditions, making testing in an
outdoor setting particularly challenging and time-consuming. Performing steady-state
and dynamic tests according to EN12975-2 requires at least 5− 6 days of clear sky
conditions and there is a need for reducing the time and effort required for the full
characterization of the steady state and dynamic performance of solar collector testing
[56, 244]. A detailed dynamic-numerical predictive model validated with experimental
data might be used for reducing the days needed for these characterization.
From daily energy performance monitoring of the commercial PVT collector and a
partially covered glazed PVT panel, the main result is that a panel covered partially
with solar cells has a higher energy output than a fully covered PVT collector due
to lower thermal losses. Specifically, it generated 50%rel more thermal energy despite
0.3 kWh less electrical output that resulted in a total energy efficiency that is 16%rel
higher.
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Collector model validation and parametric analysis
The numerical model presented in Chapter 3 was validated against experimental results
provided by the manufacturer reported in Ref. [232] and against the experimental data
obtained from tests on site reported in Chapter 5. The variation of the thermal and
electrical efficiencies caused by the change of different design and operating parameters
is discussed in this chapter, the focus is on the absorber geometry (pipe distance and
channels diameter), on the number of glass covers, on the thermal contact between the
solar cells and the metal absorber, on the PV cells covering factor and on the collector
flow-rate. Based on an analysis of the thermal losses, the potential of novel solar cells
with low-emissivity coating is evaluated in terms of thermal and electrical efficiency.
6.1 Model validation against experimental data
The Powertherm collector from Solimpeks is the reference collector for this study (see
Table 6.1 for the collector specification). The numerical results are reported at a
nominal operating flow rate is 0.02 kg/s m2, which is the recommended flow rate for
standard solar thermal collectors [62, 224]. Other than the parameters reported in
Table 6.1, information on the optical and thermal properties of the materials from
which the layers of the PVT collector are manufactured are required in order to fully
characterize the collector. These values are listed in Table 6.2.
6.1.1 Steady state validation
The Powertherm collector was tested under steady state conditions and the test results
published by the accredited test lab Eurofins in Ref. [232] were used for validating the
numerical model. These test results are also compared with the experimental results
obtained at Aelab and presented in Chapter 5.
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Table 6.1: Characteristics of the Powertherm PVT collector [232].
Geometrical parameters
AA Aperture area (m2) 1.27
AG Gross area (m2) 1.43
Do Risers external diameter (mm) 8
δg Glass cover thickness (mm) 4
δA Absorber thickness (mm) 0.12
δi Insulation thickness and material (mm) 50 (glass-wool), 40 (EPS)
L1 Gross length (m) 1.66
L2 Gross width (m) 0.86
Np Number of pipes 14
PVT electrical parameters
Nc Number of cells 72
Wc Nominal power (W) 180
ηEL(STC) Module efficiency (standard conditions) (%) 12.6
ηref(STC) Cell efficiency (standard conditions) (%) 17.8
Thermal characteristics 1
ηTH-0 Zero loss collector coefficient 0.486
a1 Heat loss coefficient 4.028
a2 Heat loss coefficient 0.067
1Thermal efficiency based on the gross area, reported by the manufacturer and measured with
PVT operating electrically at the maximum power point
Table 6.2: Optical and thermal properties of the layers.
Layer Parameter Value Refs.
Glazing αg 0.01 [238]
g 0.90 [59, 238]
τg 0.95 [238]
cg 750 J/kg K [238]
kg 1.80 W/m K [238]
Solar cell αPV 0.93 [238]
PV 0.90 [61]
CPV 677 J/kg K [238]
kPV 149 W/m K [238]
EVA kEVA 0.35 W/m K [59, 238]
Adhesive kgl 0.85 W/m K [59, 119]
Tedlar kTED 0.2 W/m K [59, 119]
Absorber cA 385 J/kg K [164]
kA 310 W/m K [245]
Insulation ki 0.035 W/m K [164]
The steady state tests performed at the accredited laboratory Eurofins were con-
ducted at the nominal flow rate of 0.02 kg/s m2 and in steady-state conditions. During
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the tests the incident irradiance was greater than 850 W/m2 and the inlet fluid tempera-
ture was varied between 15 ◦C and 54 ◦C. The thermal efficiency calculated based on the
aperture area is plotted against the reduced temperature, defined as T ∗ = (Tc−Ta)/G.
The experimental results are compared with the numerical predictions of the present
model, the values are shown in Figure 6.1 and the modelling and experimental results
are tabulated in Table 6.3. The model fits the experimental data within an average
discrepancy of 6% and all data points are within the error bar of 10% reported in the
figure. The calculated thermal-efficiency curve based on the gross collector area for this
PVT single-glazed collector is given in Equation 6.1. This expression can be compared
with the efficiency curve obtained by fitting the experimental data in in Equation 6.2.
Table 6.3: Test conditions, experimental results and numerical results of the Pow-
ertherm PVT collector.
Ta G Tin To-EXP ηTH-EXP To-num ηTH-num
[◦C] [W/m2] [◦C] [◦C] [◦C]
22.20 983 15.00 20.70 0.49 20.5 0.48
22.40 977 15.08 21.20 0.51 20.54 0.48
22.30 951 15.09 20.60 0.49 20.40 0.48
22.60 944 15.12 20.80 0.51 20.41 0.48
23.80 918 26.00 31.22 0.48 30.70 0.44
24.20 934 26.10 31.20 0.46 30.91 0.44
24.80 957 26.28 31.64 0.47 31.23 0.44
23.90 893 26.05 30.91 0.46 30.62 0.44
23.10 1006 38.81 43.44 0.39 43.34 0.39
22.80 976 37.96 42.49 0.39 42.35 0.39
22.70 893 37.40 41.50 0.39 41.37 0.38
23.30 925 38.18 42.31 0.38 42.31 0.38
27.40 964 53.03 56.79 0.33 56.83 0.34
26.00 948 51.69 55.19 0.31 55.40 0.34
26.80 973 52.96 56.55 0.31 56.78 0.34
28.00 992 54.21 57.86 0.31 58.13 0.34
ηTH-num = 0.459− 4.067(Tc − Ta)
G
− 0.007(Tc − Ta)
2
G
. (6.1)
ηTH-exp = 0.486− 4.028(Tc − Ta)
G
− 0.068(Tc − Ta)
2
G
; (6.2)
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Figure 6.1: a) Thermal efficiency modelled (black circles) and experimental data (red
squares); b) ∆T modelled (black circles) and experimental values (red squares) plotted
against the inlet fluid temperatures Tf-i.
As shown in Figure 6.2a, the collector tested in Ref. [232] has a thermal efficiency
that is ∼30% higher than the thermal efficiency obtained from testing at Aelab (the
efficiency curve is reported in Table 5.2), despite the fact that they are obtained at
similar testing conditions. The discrepancy was attributed to the collector-specific
characteristics and in particular, to the poor thermal contact between the PV module
and the absorber plate as discussed in Chapter 5. A thermal resistance equivalent
to 1 mm air gap was introduced in the model in order to take into account for the
additional heat losses introduced by a higher operating temperature resulting from
poor thermal conduction. The numerical model which includes the thermal resistance
of an equivalent air gap of 1 mm between the copper absorber and the PV module fits
the experimental data within 3% error. The numerical results and the experimental
results obtained at the test-laboratory in Cyprus are reported in Figure 6.2b.
The use of thermally-conductive materials having a thermal conductivity ranging
from 0.4 W/m K to 2.3 W/m K was evaluated numerically. The latter is the thermal
conductivity of OT-201 silicon paste [246] used by the author as described in Chap-
ter 5. A layer of this thermally conductive paste between 0.5 mm and 1 mm has a
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Figure 6.2: a) Comparison of the thermal efficiency curve extrapolated from the ex-
perimental data reported in Table B3 obtained at Aelab (blue line) with the thermal
efficiency curve extrapolated from the experimental data reported in Table 6.3 [232]
obtained at Eurofins (red line); b) thermal efficiency curve extrapolated from the mod-
elling results (dashed lines) and experimental thermal efficiency values obtained at Ae-
lab (squares). The values are reported for the PVT operating at the maximum power
point for electricity extraction (MPP) and with the PV in open circuit (PV-OFF).
thermal resistance <1×10−3 m2 K/W. As a comparison, the thermal resistance of the
4 mm glass used for the encapsulation of the PV panel is 2.2×10−3 m2 K/W. The
thermal efficiency is found to be only slightly affected by the additional thermal resis-
tance introduced by the adhesive, thus using a thermally conductive paste is a good
alternative solution to direct thermal lamination if the paste is in perfect contact with
the PV module and the copper absorber. On the other hand, the thermal efficiency de-
teriorates drastically for an uneven thermal contact, that is modelled as an additional
thermal resistance of a thin air-layer. A thermal resistance of an equivalent air gap
of 0.1 mm to 2 mm deteriorates the optical efficiency and the heat loss coefficient as
reported in Figure 6.3.
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Figure 6.3: Variation of the thermal efficiency with the thermal resistance (modelling
results). The thermal efficiency is plotted against the thermal resistance of an equiva-
lent air gap between 0 mm and 2 mm representing an imperfect adhesion between the
two layers.
6.1.2 Dynamic validation
The response of the collector to a time-varying input was evaluated by modelling and
testing a step change of incident irradiance. As defined in the EN 12975 [224], the
time constant represents the elapsed time the collector needs to reach a ∆T of 63.2%
(1/e) of its final value from an initial steady-state condition and the experimental
value of the effective heat capacity can be calculated by integrating between the start
and the end of the test as described in Chapter 5. Few studies have been done on
dynamic response of solar collectors, and few experimental data on collector dynamic
behaviour are available. The code was validated against the experimental data obtained
by Amrizal et al. [247] on step tests of a PVT module built in house, and against the
experimental data obtained by the author at Aelab and analysed in Chapter 5.
For the purpose of validating the model against the data reported in Ref. [247],
the parameters of the numerical model were changed in order to adapt the model
to a configuration of PVT collector that is different from the Powertherm collector
considered so far. Amrizal et al. [247] tested an in-house PVT collector consisting
of 2 lines of 26 c-Si cells connected in series, having a glass cover of 4 mm thickness.
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Table 6.4: Characteristics of the PVT collector tested in Ref. [247].
Geometrical parameters
Aa Absorber area (m2) 0.0921
AG Gross area (m2) 0.146
Do Risers external diameter (mm) 81
δg Glass cover thickness (mm) 4
δA Absorber thickness (mm) 11
Rloss Thermal resistance insulation(m2 K/W) 0.11
L1 Absorber length (m) 2x1.06
L2 Absorber width (m) 2x0.04
Np Number of pipes 1
Experimental thermal characteristics (based on absorber area)
ηTH-0 Zero loss collector coefficient 0.60
UL Heat loss coefficient 14.9
1The parameter was not specified in Ref. [247] and have been tuned in order to match with the
experimental data
The solar cells were fixed with the adhesive Chomerics Thermattach T404 ensuring a
good thermal contact with thermal conductivity kgl = 0.4 W/m K and thickness of
0.127 mm as reported in Ref. [248]. The geometrical parameters used for the validation
are reported in Table 6.4. Some parameters were unknown and they were tuned in a
reasonable range until the numerical results were in agreement with the experimental
results. Namely these are the aluminium absorber thickness, the thermal resistance
between the absorber and the PV cell, the thickness of the encapsulant. The collector
is evacuated and the heat loss coefficient reported by the author in Ref. [247] is between
14 W/m2 K and 15 W/m2 K (that is much higher than the one of the Powertherm
collector of ∼5 W/m2 K) probably due to a poor back insulation. A thermal resistance
Rloss of 0.1 m2K/W was added to the model in order to account for the side and
bottom losses. The steady state efficiency curve obtained with the numerical model
is reported in Figure 6.4a, plotted with the efficiency curve published in Ref. [247].
The simulated step response of the collector is shown in Figure 6.4b where the outlet
collector temperature is plotted with the step of incidence irradiance. The experimental
value of the time constant obtained by Amrizal et al. was 87 ± 5 s, which is matched
closely by our numerical result of 85 s.
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Figure 6.4: a) Validation of the numerical model with the steady state experimental
data obtained by Amrizal et al. [247]; b) simulated collector response to a step incre-
ment of the incident irradiance. The collector is uncovered 10 s after the first steady
state is reached and the irradiance increases from 10 W/m2 to 900 W/m2. The elapsed
time needed for reaching 63.2% of the final temperature increment ∆T is 85 s.
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Figure 6.5: Experimental fluid outlet temperature Tf-o recorder during a step varia-
tion of the incident irradiance of the Powertherm module (blue) and numerical Tf-o
calculated for the same input (black dashed).
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Similarly, the dynamic numerical model of the Powertherm collector was validated
against the data on step increment of incident irradiance collected at Aelab. The
comparison of the experimental results with the modelled results of Test 3 reported in
Table 5.6 is reported in Figure 6.5. The discrepancy with the experimental results is
smaller than 5%. .
In Figure 6.6 the outlet collector temperature predicted by the 3-dimensional model
is compared with the modelling results obtained with a lumped collector model that
uses the experimental values of the thermal efficiency coefficients and the effective
heat capacity. The results are compared with the experimental value of the fluid
outlet temperature monitored during a two-hours period with fluctuating irradiance,
as introduced in Chapter 5 Figure 5.15). The experimental and calculated collector
temperature difference is reported in Figure 6.7. The estimation of the collector tem-
perature difference at the inlet and at the outlet of the collector Tf-o − Tf-i calculated
with the lumped model deviates from the experimental results by 16%− 40% (for two
values of experimental heat capacities, as explained in Chapter 5), while the numerical
model predicts the temperature difference Tf-o − Tf-i with respect to the experimental
data with an average 10% error.
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Tf-o, C eff =98.0 kJ/kg
Tf-o, C eff =24.3 kJ/kg
T f-o 3-dimensional model
T a experiment
Figure 6.6: Collector inlet temperature (black) and outlet temperature (red) mea-
sured; collector outlet temperature calculated with the one-dimensional approximation
using two values of C (dashed and dotted), and calculated with the three-dimensional
dynamic collector model (black thick).
104
CHAPTER 6. COLLECTOR MODEL VALIDATION AND PARAMETRIC
ANALYSIS 6.2
12:00 13:00 14:000
1
2
3
4
Time
∆
T
(◦
C
)
Tf-o − Tf-i experiment
Tf-o − Tf-i, Ceff =98.0 kJ/kg
Tf-o − Tf-i, Ceff =24.3 kJ/kg
T f-o 3-dimensional model
Figure 6.7: Collector temperature difference between the inlet and the outlet measured
(red); Collector temperature difference between the inlet and the outlet calculated with
the one-dimensional approximation using two values of C (dashed and dotted), and
calculated with the three-dimensional dynamic collector model (black thick). The one
dimensional models result in an average 16%−40% deviation from the experimental
results, the three-dimensional model results in a lower average deviation of 10%.
6.2 Variation of the thermal efficiency with design
parameters and operating parameters
The sensitivity of the thermal and electrical efficiencies with the variation of the design
parameter is reported in this section with the aim to identify the optimal design of the
PVT module for specific user requirements.
6.2.1 Fin width to diameter ratio
Both the thermal and electrical efficiencies are reduced as the spacing between two
pipes is increased (high W/D ratio). The results are reported for a single-glazed con-
figuration and are obtained by varying the number of pipes while keeping the pipe
diameter, the total collector area and the total flow rate constant. Figure 6.8a shows
the optical efficiency varying with the number of pipes, Figure 6.8b shows the thermal
and electrical efficiencies with increasing number of pipes (at reduced distance) and
Figure 6.9 shows a symmetrical temperature distribution on the PV layer with respect
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Figure 6.8: a) Thermal efficiency curve calculated for three collector designs having
a number of pipes between 3, 10 and 130 and the same pipe diameter D = 8 mm
(modelling results); b) thermal and electrical efficiency for a number of pipes between
1 and 130 and D = 8 mm(modelling results).
to the pipe for two designs, the fluid is flowing along the y direction entering at y = 0
and the distance along the x axis is equal to the distance between two pipes (fin width).
The PV temperature is calculated at inlet fluid temperature Tf-i equal to the ambient
temperature at 25 ◦C and 1000 W/m2 irradiance on the collector plane.
The improvement of the thermal and electrical efficiency with the number of pipes
Np is attributed to the lower heat loss rate from the top surface of the PVT module
that is colder at large Np. At the same ambient and inlet collector temperatures, the
temperature on the solar cells is lower for high number of pipes (and small W/D ra-
tio), therefore increasing the electrical and thermal efficiencies. On the other hand the
heat transfer to the fluid is more effective at higher pipe flow rates that are achieved
for a small number of pipes, consequently the heat loss coefficient (the slope of the
curves in Figure 6.8a) is higher for large number of pipes. However, from around 20
riser pipes (corresposding to a W/D ratio of 10) the thermal and electrical efficiency
barely increase. This result confirms what was found in Ref. [249–251] where a better
convective heat transfer between the coolant and the channels was achieved with re-
duced diameter and increased number of channels per unit width, with a consequent
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improvement of thermal efficiency. For this reason, typical values of pipe width to pipe
diameter ratio for sheet and tube collectors are 6− 10 [251] as for larger numbers of
pipes the efficiency does not increase substantially but the weight of the module and
the material needed for manufacturing the module also is increased. A high number of
small channels is generally achieved in aluminium or polymeric flat box absorbers that
perform with enhanced fin efficiency and bonding quality [252].
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Figure 6.9: Temperature on the PV module calculated at G = 1000 W/m2 and Ta =
25 ◦C for the collector having a) 7 pipes and b) 65 pipes.
6.2.2 Glass covers
Heat losses in PVT and solar thermal collectors can be suppressed with glass covers.
This has led to the application of one or multiple glass covers on the thermal absorber
of thermal and hybrid PVT panels. It is demonstrated that the thermal efficiency of the
double-glazed PVT module at high temperatures is ∼35% higher than the single glazed
configuration and three times higher than the unglazed configuration (Figure 6.10a),
on the other hand the electrical efficiency deteriorates by up to 15% due to optical
losses (Figure 6.10b). Table 6.5 reports the temperatures of the glasses and of the PV
module in the three cases, the optical coefficients (overal transmission τ and reflection
r of the modules), and the heat loss coefficient UL. The calculations are performed at
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Figure 6.10: a) Thermal and b) electrical efficiency for increasing number of glazing
calculated for inlet temperature Tf-i ranging from 15 to 55 ◦C, Ta = 25 ◦C and G =
1000 W/m2 (modelling results).
Table 6.5: Temperatures and optical properties of the collectors. The values are given
at: Ta = 25 ◦C, I = 1000 W/m2 and Ti = 15 ◦C.
Configuration Top glass T Bottom glass T PV T τ r UL
(◦C) (◦C) (◦C) (W/m2)
Unglazed - - 37.5 1.00 0.10 8.4
Single glazed - 29.3 46.5 0.95 0.12 5.0
Double glazed 23.7 33.9 39.1 0.90 0.14 3.4
Table 6.6: Heat losses and useful energy gain for the three configurations of PVT
collectors. The values are given at: Ta = 25 ◦C, I = 1000 W/m2 and Ti = 15 ◦C.
Configuration Tc Q˙CV Q˙RD Q˙TH E˙
(◦C) (W/m2) (W/m2) (W/m2) (W/m2)
Unglazed 16.8 209.5 190.4 441.1 191.5
Single glazed 17.5 81.6 128.9 614.8 174.2
Double glazed 17.9 21.3 99.1 708.5 172.3
no wind, as this would affect the efficiency of the unglazed module especially. The
zero-loss thermal efficiency (ηTH when the collector mean fluid temperature is equal
to the ambient temperature) increases with additional glazing due to decreased heat
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Figure 6.11: Thermal efficiency of a single glazed and of an unglazed solar-thermal
collector calculated for inlet temperature Tf-i ranging from 15 to 70 ◦C, Ta = 25 ◦C
and G = 1000 W/m2 (modelling results). The solar thermal collectors have the same
geometrical features of the PVT collectors discussed above with the results presented
in Figure 6.10. Due to a better thermal contact between the absorber plate and the
fluid that results in a lower temperature of the absorber plate, and due to reduced
emissivity losses, the zero-loss collector efficiency of the unglazed panel is similar to
the zero-loss collector efficiency of the glazed panel.
losses. The heat losses, the useful heat and the electrical energy generated are reported
in Table 6.6 for the three configurations calculated for an inlet temperature of 15 ◦C
and for ambient temperature of 25 ◦C. The convective and radiative heat losses are
drastically reduced with additional glass covers, consequently the heat loss rate de-
creases by 68% with one cover glass from the unglazed configuration, and it is further
reduced by 47% with the second glass cover. The value of the heat loss coefficient of
the unglazed module is very similar to the value obtained experimentally of 8.37 W/m2
and reported in Table 5.3.
In conventional solar thermal collectors, the zero-loss thermal efficiency is equal, if
not higher (depending on the glass transparency), to the zero-loss thermal efficiency of
the single glazed collector (Figure 6.11). PVT collectors exhibit a different behaviour
due to:
• a higher temperature of the the top layer that loses heat by convection and
radiation to the ambient, e.g., the PV temperature is higher than the glass tem-
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perature. This results in enhanced convective and radiative heat losses;
• in PVT collectors, the layer that is exposed to the environment has a higher
temperature than in solar-thermal collectors due to the additional thermal re-
sistance caused by the the PV-encapsulant and adhesive material with the fluid
that deteriorates the cooling effect;
• in PVT collectors, the layer that is exposed to the environment has a higher
emissivity than in solar-thermal collectors, thus radiative losses at zero-reduced
temperature are enhanced.
For these reasons, the results of the thermal performance of the unglazed PVT collector
reported in the present analysis are highly dependent on the correlation used for the
free and force convection heat transfer coefficient to the ambient, on the correlation
used for evaluating the sky temperature, on the thermal resistance between the PV
module and the fluid, and on the value of the glass transmittance.
6.2.3 PV covering factor
Designs of PVT module with partially covered absorber have been proposed [106, 119]
and the numerical model has been used for evaluating the thermal and electrical per-
formance of PVT modules at varying covering factors. In partially covered modules
the solar cells are located near the inlet of the collectors as they operate best at low
temperatures. A higher thermal efficiency is predicted at low covering factors (Fig-
ure 6.12a), Figure 6.12b shows the fluid temperature along the pipe for a covering
factor of 0.5, where it is evident that a better heat transfer-rate between the top of
the module and the fluid occurs for the portion of collector that is not covered with
PV cells due to a combination of lower thermal resistance between the absorber plate
and the fluid and due to lower radiative losses. The heat loss coefficient increases from
3.5 W/m2 to 4.2 W/m2 (20%) when the covering factor p decreases from 1 to 0 and
the zero loss coefficient deteriorates by 55%. At low values of covering factor, a larger
portion of absorbed energy is available for thermal energy conversion, at the same time
the radiative heat losses are lower at low covering factors (the coated absorber plate
has normally a thermal emissivity as low as 0.05, compared to the higher thermal emis-
sivity of 0.8 of the solar cells). It is obvious that higher module electrical efficiencies
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are expected at higher covering factors.
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Figure 6.12: a) Thermal efficiency varying with covering factor; b) Fluid temperature
calculated for a covering factor p = 0.5 at inlet temperature of 15 ◦C plotted against
the pipe length L (modelling results).
6.2.4 Flow rate
The thermal efficiency of the collector decreases with decreasing flow-rates due to a
lower heat transfer coefficient in the pipes (caused by the dependence of the Nusselt
number from the Reynolds number) and due to higher temperatures that are achieved
that generate enhanced heat losses. The collector heat loss coefficient calculated with
the 3-D model accounts for convection (free convection and forced convection) and for
radiation, and it is non-linear with the temperature. In the low flow-rate regime, the
mean collector temperature is much larger than in the high flow-rate regime at similar
inlet conditions, thus the relative heat losses are larger for the collector operating
at low flow rates with a non-linear dependence. The thermal efficiency is shown in
Figure 6.13a for four values of flow rates from 6×10−4 kg/s (which corresponds to
2 kg/h) to 5.6×10−4 kg/s (which corresponds to 200 kg/h). These results are obtained
at irradiance G = 1000 W/m2 and for the inlet fluid temperature varying between
20 ◦C (equal to the ambient temperature) and 80 ◦C, the latter is the maximum
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Figure 6.13: a) Thermal performance curve of the collector operating at four flow rates.
The flow rate recommended by the standard for this collector is 0.028 kg/s (100 L/h).
b) Effective heat capacity of the PVT collector in a range of flow rates varying between
2 L/h and 200 L/h (modelling results).
allowed temperature in the storage tank of a domestic system designed for hot water
provision. The dynamic behaviour of the collector at different flow rates of operation
is also investigated in order to evaluate the heat capacity Ceff at different operating
conditions than the standard flow rate. The effective heat capacity increases with
the flow rate with a quasi linear trend (Figure 6.13b). The dependence of the steady
state efficiency and of the effective heat capacity from the flow rate should be taken
into account when modelling time-varying systems with variable flow-rates for control
purposes.
6.3 Radiative losses
A low emissivity coating 100 nm of In2O3:Sn tin-doped indium oxide (ITO) was applied
on silicon solar cells for applications in PVT collectors. The experimental values of
the cell emissivity and electrical efficiency obtained are reported in Ref. [130]. The
emissivity of the conventional solar cell and of the solar cell with coating were measured
with an integrated sphere and are reported in Figure 6.14a. The selective properties
of the coating are evident as the absorption at solar wavelengths remains as high
112
CHAPTER 6. COLLECTOR MODEL VALIDATION AND PARAMETRIC
ANALYSIS 6.3
100 101
0.2
0.4
0.6
0.8
1
λ (µm)
α
λ
,Ô
λ
a)
ITO coated cell
Uncoated commercial cell
Ideal cell
0 0.02 0.04 0.060
0.1
0.2
0.3
0.4
0.5
T* (m2/K W)
η
T
H
b)
ITO coated cells
Uncoated commercial cells
Ideal cells
Figure 6.14: a) The measured emissivity (absorptivity) of a commercial silicon solar
cell, as delivered (black curve), after coating with a 100 nm ITO film (red curve) and
ideal (dashed). b) Thermal efficiency curve of the PVT module with commercial cells,
uncoated cells and cells with a zero ideal emissivity (modelling results).
as the base case, but the emissivity is reduced by around ∼50% at the peak of the
thermal emission spectrum occurring at ∼0.5 µm. The solar cell was also characterized
electrically in order to check that the electrical efficiency is not reduced and it was
verified that due to its high transparency in the visible spectrum, the presence of the
coating leads to only a minimal 0.5% drop in efficiency due to reduced transmission of
sunlight into the solar cell [130].
Figure 6.14b shows the thermal efficiency plotted as a function of the reduced tem-
perature, for three collector types: a PVT collector with conventional solar cells, a
PVT collector with ITO-coated solar cells and a PVT collector with solar cells hav-
ing ideally zero emissivity in the thermal emission range of wavelength. Comparing
the curves we can observe the notable advantage offered by employing low-emissivity
coatings, particularly if the PVT collectors are used for high temperature applications.
At 80 ◦C inlet temperature (that corresponds to a reduced temperature of 0.06) for
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Figure 6.15: Comparison of the temperatures and heat losses in a flat plate PVT
collector with and without selective coating. The modelling results have been obtained
at a collector inlet temperature Tf-i = 80 ◦C, irradiance G = 1000 W/m2 and ambient
temperature Ta = 25 ◦C.
example the thermal efficiency of the glazed uncoated configuration drops nearly to
zero, whereas the ITO-coated remains at 10% that can be increased with improved
coating up to 20%. From the results, the heat loss coefficient for the glazed collector
decreases from 4.5 W/m2K for the conventional PV cells to 4.1 W/m2K for the coated
cells (a reduction of 9%).
Figure 6.15 compares the PV and glass temperatures, the radiation and convection
heat losses from the PV surface (that are equal, in steady state conditions, to the
radiative and convective heat losses from the glass cover) calculated at 80 ◦C of fluid
in fluid inlet temperature. In this figure, Q˙L are the heat losses from the top of the
PVT module (sum of convection and radiation), Q˙TH is the thermal energy output per
unit area and E˙ is the electricity output per unit area. With ITO coating, the total
losses are suppressed by 10% due to a reduction of radiation by 26% (from 246 W/m2
to 184 W/m2) while the convection increases by 16% (from 149 W/m2 to 173 W/m2,
mainly due to the higher PV and glass temperature). Consequently the thermal output
increases by 17%. With the ideal coating, the thermal output can be increased by 60%
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due to a suppression of the total heat losses by 29% (with radiative losses reduced by
80%). However, as consequence of the small optical losses (slight change in PV absorp-
tion) and higher operating temperatures, the overall electrical efficiency is reduced by
3% with ITO coating and up to 9% in the ideal case.
6.4 Summary and further discussion
The numerical model developed and presented in Chapter 3 has been validated against
experimental data and the results have been presented in the present chapter. The
numerical model predicts the steady state performance and the dynamic performance of
the PVT panel and the numerical results are in good agreement with the experimental
results, the steady state and the dynamic performance of the Powertherm sheet-and-
tube glazed collector are predicted within 5− 7% error.
The numerical model constitutes a flexible tool for the evaluation of the thermal
performance of PVT and thermal collectors having different designs. In particular,
it has been demonstrated in this chapter that high thermal and electrical efficiencies
are achieved with increased number of pipes and small pipe distance. It is envisaged
that the best gain in terms of energy efficiency with reduced weight and associated
costs, is achieved for 20 pipes of 8 mm diameter for this particular geometry, which
corresponds to a W/D ratio of 10. In this case the temperature on the top surface is
more uniform, the heat transfer to the fluid is more effective and as result the thermal
efficiency can be improved between 20% and 55% by increasing the number of channels,
while the electrical efficiency increases from 10% to 14% due to the lower PV operating
temperature.
It has been demonstrated that the use of additional glass covers constitutes an ef-
fective solution for reducing the convective losses, while radiative losses are suppressed
with low emissivity coatings applied on the solar cells. Both solutions result in in-
creased thermal efficiency, but have an opposite effect on the electrical output. Due
to additional optical losses and higher operating temperatures the electrical efficiency
is reduced by up to 10% (for a double glass) from the unglazed configuration, and it
reduces by 3− 9% with a low emissivity coating. PVT modules partially covered with
solar cells also perform with higher thermal efficiencies than fully covered module, but
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generate less electrical output per array area.
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Chapter 7
Analysis of the operation of a PVT system
In this chapter, the dynamic model of a hybrid photovoltaic/thermal collector with a
sheet-and-tube thermal absorber is used for predicting the annual performance of a
PVT system installed in the UK. The model is used for the evaluation of the annual
generation of electrical energy along with the provision of domestic hot-water from
climate-data and hot water demand data at high temporal resolution. The results and
methodology presented in this chapter have been published in Ref. [168].
It is demonstrated that the use of a dynamic model and of real climate-data at
high resolution is of fundamental importance when evaluating the yearly performance
of the system. The results of the dynamic simulation with input data collected at 1-min
sampling rate show that the thermal output of the system is highly dependent on the
choice of the control parameters (pump operation, differential thermostat controller,
choice of flow-rate etc.) in response to the varying weather conditions. The effect
of the control parameters on the system’s annual performance can be captured and
understood only if a dynamic modelling approach is used; the design of controllers
which respond to dynamic variation of the weather conditions and system temperatures
will be further discussed at the end of the chapter.
The results discussed in the present chapter show that a dynamic model, together
with the use of real weather and DHW demand data, is required in order to accurately
estimate the energy output of the PVT system. It will be demonstrated, based on both
types of models, that quasi-steady solutions that use average data deviate significantly
from dynamic solutions due to the thermal mass in the system and the inherent vari-
ability in the (real) weather data used as inputs to the simulations. Moreover, it will
be shown that the use of time-averaged input data leads to an overestimation of the
energy generated by 25% and a quasi steady model leads to an overestimation of the
energy generated by 12%. This results are confirmed by Schnieders [253], who reported
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that a stationary model of a vacuum tube collector over-predicts the collector output
by 15% with respect to a dynamic model. The energy performance is evaluated for
various designs of the PVT module, a key design parameter considered in the present
analysis is the number of glass covers used in the PVT collector. The results show that
while the annual provision of thermal energy increases with the additional glazing, the
electrical output deteriorates due to the higher temperature of the fluid and increased
optical losses, as expected. Finally, this chapter introduces the use of an improved
control strategy that enhances the thermal output. Solar thermal or PVT systems are
generally operated with on-off controller at a fixed flow-rate and temperature setting.
A more sophisticated controller that adjusts the flow rate during the operation makes a
better use of the installation and provides with a higher thermal fraction for the same
collector design.
7.1 System configuration
The PVT system modelled in this work comprises a sheet-and-tube PVT collector
(three configurations were considered: unglazed, single glazed and double glazed),
a storage tank with an auxiliary heater, a bypass branch (as implemented in Ref.
[212] in a solar system such as that shown in Figure 4.1), a circulation pump and
thermally insulated connecting pipes. The system is essentially an indirect solar water-
heating system where the fluid heated in the solar collector is circulated through a heat
exchanger in the storage tank. The storage tank is assumed to be fully stratified, this
is a reasonable assumption considering that the size of the tank is quite small and the
water drawn off occur at large flow rates, moreover, the validity of this assumption
has been verified by running the annual simulation for a stratified tank and for a fully
mixed tank in order to check for the difference in the results when adopting the two
modelling strategies.
An external auxiliary heater ensures that the temperature of the delivered hot-water
to the domestic user reaches the required value of 60 ◦C [254, 255]. This configuration
ensures the maximum utilization of the solar energy stored in the tank [62]. The
system is designed for a terraced house in London with 15 m2 roof area available for
the installation. The parameters for sizing the system (tank size and array area) were
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Table 7.1: Design parameters of the PVT system.
Parameter Value
Tank volume 150 L
PVT array size 15 m2
Number of collectors 10
Array layout Parallel
Heat exchanger effectiveness 0.4
Mains water temperature 1 12 ◦C
Demand temperature 60 ◦C
Room temperature 20 ◦C
1The mains temperature is assumed constant but in reality it varies during the year [255]. This
is accounted for by considering a seasonal variation of the hot water demand.
adopted from Refs. [62, 119, 256] and are reported in Table 7.1. The Powertherm
collector is used in this simulation, the modelling strategy for simulating the dynamic
performance of the collector is described in Chapter 3, this is validated against the
experimental data discussed in Chapter 5 and the results are reported in Chapter 6.
The system operates at a collector flow rate of 0.02 kg/s m2, which is the recommended
flow rate for standard solar thermal collectors [62, 224], and the panels are connected
in parallel.
The PVT system is designed to provide hot water of a single family (three people)
that corresponds to a thermal energy demand of 2589 kWh/year [255] with a annual
average hourly distribution as described in Ref. [255]. The electricity generated by the
PVT system is compared with the yearly and monthly demand for electricity. The
electricity demand and the electricity generation are considered to be independent of
each other and the yearly and monthly data of electricity demand are taken from
Ref. [119]. In Ref. [119] the model developed by the Centre for Renewable Energy
Systems Technology (CREST) [257] was used for generating the electricity demand
profile. The model generates outputs at 1-min resolution for 365 days based on user
input parameters (occupancy patterns, appliances, annual mean energy demand). As
a result of the model, the annual electricity demand is estimated to be 3300 kWh/year.
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7.2 High resolution input data
7.2.1 Weather conditions
The ambient conditions appear as inputs to the simulations performed in the present
work, which uses measurements of time-varying solar irradiance, ambient temperature
and wind-speed. Full information on the fluctuations in the ambient conditions (e.g. of
solar irradiance during intermittent cloud cover) can only be captured if a low sampling
interval ∆t is used. In the present case study the smallest sampling interval (highest
temporal data resolution) possible was 1-min. The time-resolved data were obtained
over a one-year monitoring period (July 2014 to July 2015) from a Vantage Pro2
[230] weather station located in London. The monitored parameters were measured as
follows:
1. Wind speed: measured with a solid-state magnetic sensor having an accuracy of
1 m/s and a range of 0.5 m/s to 89 m/s.
2. Ambient temperature: measured with a PN junction silicon diode, in a range of
-40 ◦C to 65 ◦C and with an accuracy of 0.5 ◦C above 20 ◦C or 1 ◦C above 20 ◦C.
3. Solar irradiance: measured with a precision of 5% at full scale up to 1800 W/m2.
The sensor is mounted on a roof-installed PV system oriented towards the south
on the plane of the PV modules.
In order to verify that the weather data collected at 1-minute resolution consti-
tutes a reliable set of data for a dynamic simulation, the irradiance and the ambient
temperature were also monitored with a 1-second resolution during sunny and cloudy
days using calibrated thermocouples and a pyranometer as described in Chapter 5 at
the Cyprus University of Technology, Limassol. It was found that 1-minute resolution
was a fast enough sampling interval for recording the full power spectrum of the signal
during both a cloudy and a sunny day. The power spectrum of the irradiance during a
cloudy and a sunny day are reported in Figure 7.1 and Figure 7.2, and in both cases the
cut off frequency for the noise is around 0.1 Hz.The ambient data-sampling interval of
1-min is also shorter than half of the time constant τc of a single-glazed PVT collector
(∼100 s-400 s). In this case, if the fluctuations in the inlet conditions to the model are
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Figure 7.1: Irradiance and power spectrum of the irradiance. Data were collected using
a pyranometer at 1-second sampling interval during a sunny day in June 2016.
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Figure 7.2: Irradiance and power spectrum of the irradiance. Data were collected using
a pyranometer at 1-second sampling interval during a cloudy day in November 2015.
faster than the system dynamics as characterised by τc/2:
∆ts <
τc
2 , (7.1)
the response of (and system outputs from) (quasi-)steady state simulations will deviate
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significantly from results of equivalent fully dynamic simulations of the same system
with the same inputs. In this chapter, the system performance is analysed for a full year
and focusing on days characterized by different irradiance level and radiative regime.
Three days with various radiative regimes are shown in Figure 7.3, and these will be
referred to in the result section.
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Figure 7.3: Solar irradiance G data at 1-min resolution collected in London in 2014.
Representing three typical sky conditions: clear-sky (1st September), cloudy day/high
intermittence (28th August), overcast day (17th July). Reproduced from Guarracino et
al. [168]
7.2.2 Hot water demand data
A time-varying profile of hot-water consumption is required as an input when predicting
the energy demand for hot water. The performance of the solar water-heater is sensitive
to the load timing and to the load day-to-day variability, as the temperature of the
storage tank varies when a water draw-off event occurs. The key parameters that define
the profile of hot-water demand are the average daily volume, the yearly total demand,
the draw-off flow rates and the distribution of the drawn hot water during the day.
The profile of hot water demand is driven by the number of occupants (which has a
linear effect on the total hot water use [206]), by the appliances, and by the ambient
conditions. The latter determine seasonal variations of the energy consumption due
to variations in the mains temperature. It has been observed that when the mains
temperature is higher, in summer, the mixed temperature required for end-uses such
as showers, baths and sinks is obtained with a smaller flow rate of hot water. In the
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UK this translates to a seasonal variability of -16%/+8% of the demand of the energy
required for hot water, having a minimum in July and a maximum in December [255].
In the present study, a statistically realistic distribution of hot-water consumption
was generated with the software DHWcalc [258]. This software is based on a code
used for the IEA-SHC Task 26 on solar combi-systems and can be used to evaluate
and compare the performance of solar combi-systems from different European countries
using realistic time-varying input data [259, 260]. DHWcalc generates random event
schedules for hot-water consumption based on:
1. Daily average consumption (for weekdays and week-end days) [258].
2. Seasonal variation of the daily DHW consumption in percentage, described as a
sine function of the hot water consumption during the year [258].
3. Flow rate, drawn duration and portion of the total daily consumption of 4 dif-
ferent demand types (short load, medium load, bath and shower).
4. Household type (single house or multifamily).
DHWcalc generates profiles of DHW demand at 60, 6 or 1-min resolution, and the
event flow-rate varies randomly around an average value based on a standard devia-
tion entered by the user. The parameters used in this study are specific for the UK.
A monitoring study on 124 dwellings in the UK found a mean household hot-water
consumption of 122 L/day with a 95% confidence interval of 18 L/day [255], and a
daily average profile as given in Figure 7.4a based on the data reported in Ref. [255].
The four load types are characterized as follows:
1. Short load (bathroom and kitchen sinks): the mean flow rate is 3 L/min [261]
and the duration of a single drawn- off is 1 min, accounting for 30% of the daily
load [255].
2. Medium load (dishwasher and washing machine): the mean flow rate is 6 L/min
and the duration is 10 min [206], accounting for 10% of the daily load [255].
3. Bath: the mean flow rate is 8 L/min [261] and the duration is 10 min, accounting
for 40% of the daily load [255].
4. Shower: the mean flow rate is 8 L/min [261] and the duration is 9 min, accounting
for 20% of the daily load [255].
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Figure 7.4: a) Daily profile of DHW demand for a single family house in the UK [255]
and b) 3-day demand profile of DHW generated with the software DHWcalc for a
single-family house in the UK. Reproduced from Guarracino et al. [168]
.
An example of a three-day profile of DHW for a single family house obtained with
DHWcalc using the listed options and at a 1-min resolution is shown in Figure 7.4b.
After generating the event schedule, the results were compared with the input data to
check for consistency and it was concluded that the average hourly flow rate, the daily
and the annual water use match well with the user defined input data. The hot-water
profile has been generated with a day-to-day standard deviation in the daily consump-
tion of 53.3% over the year. This value can be considered acceptable if compared with
the value of 48% reported in Ref. [262] as result of an investigation into daily DHW
consumption in 74 dwellings. The seasonal variation of the energy demand of hot water
is taken into account as a variation of the water flow rate while the mains temperature
is kept constant during the simulation.
7.3 Results and discussion
This section reports the results of the dynamic model showing the predicted daily oper-
ation of a PVT system under fluctuating weather conditions and clear sky conditions.
An example of the operation of the PVT system over three days characterized by a
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Figure 7.5: Temperature of the solar collector and of the storage tank calculated for
three days having different irradiation level and stability (left) and pump operation
with hot water demand (right). Reproduced from Guarracino et al. [168].
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different irradiation level and stability is shown in Figure 7.5. The fluid is circulated
by the pump when there is an energy gain through the collector, and the circulation
is halted otherwise. Moreover, once the pump is activated, the bypass branch is de-
activated (Flow to tank= 1) and the fluid heats up the tank when the temperature at
the collector is sufficiently high. Otherwise the fluid is recirculated to the collector and
the bypass is active (Flow to tank= 0). The operation of the solar-PVT collector is
also influenced by the demand for hot water. When the demand for hot water is high,
the temperature in the storage tank drops (as does the temperature of the collector)
even if the pump is active.
On the 1st of September, during a day with a clear sky, the collector fluid circulates
in the tank for most of the time and the operation is stable. On the 28th of August
and 17th of July, which are cloudy and overcast days, the bypass branch is alternately
activated and de-activated. Fluid flow to the tank is only activated for a few hours,
while (mostly) the fluid is recirculated in the collector in order to increase its temper-
ature/enthalpy. It is evident that this intermittent behaviour would not be captured
if average irradiance data were used.
The mean daily temperature of the storage tank operating as fully mixed is also
dependent on this pattern and on the ambient conditions and it is generally lower for
cloudy days. Furthermore, the temperature of the storage tank is influenced by the
profile of domestic hot-water demand. In the morning of the 1st of September, between
6-8 am when the demand of hot water is large, the temperatures of the tank and of
the collector do not follow the profile of the irradiance.
The instantaneous electrical efficiency of the PVT system is shown in Figure 7.6
along with the temperature of the fluid and of the PV module and the nominal effi-
ciency. The nominal electrical efficiency of a PVT module is the efficiency of the panel
operating in steady-state under standard conditions (G =1000 W/m2 and Ta =25 ◦C)
and empty of fluid (Ref. [166]). While the nominal electrical efficiency of the PVT
module is 12.6% (red dashed line), the instantaneous value is higher than the nomi-
nal efficiency during the early morning and in the afternoon due to the low ambient
temperature and incident irradiance, while it decreases to 12.2% when the incident
irradiance on the solar collector is around 800 W/m2 due to the increase of the PV cell
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Figure 7.6: Instantaneous electrical efficiency of the PV module ηEL (red line) compared
with the electrical efficiency at standard conditions ηEL (red dashed line) in relation to
the operating temperature of the solar cell TPV (blue line). The ambient temperature
(green) and the fluid inlet temperature (dotted line) are also shown for reference.
Reproduced from Guarracino et al. [168].
temperature.
The instantaneous generation of electricity over two days is shown in Figure 7.7. The
generated electricity exceeds the demand during the sunny September day, while only
a small portion of demand is covered during the cloudy winter day; this significantly
affects the economics of the implementation of these systems, since electricity produced
during the day is more valuable than the electricity needed during the night in case a
dual tariff is applied [263].
The monthly performance of the PVT system is presented in terms of the fraction
of electrical energy demand fEL and of the fraction of thermal energy demand fTH
covered by the system as predicted by the dynamic model are shown in Figure 7.8.
As expected, the fraction of energy covered by the PVT system is higher during the
summer months, for example the monthly generation of electricity exceeds the demand
in August if an unglazed collector is installed (as part of the system). A PVT system
can cover between 25% and 50% of the total demand of domestic hot water in a UK
household depending on the choice of the collector (glazed or unglazed).
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Figure 7.7: Instantaneous electricity generated PEL compared with the instantaneous
demand of electricity during two days of the year. Reproduced from Guarracino et al.
[168].
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Figure 7.8: Fraction of a) the thermal energy fTH and b) the electricity fEL demand
covered by the PVT system each month. Reproduced from Guarracino et al. [168]
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7.4 Sensitivity analysis
7.4.1 Time resolution of input data
The results for the annual simulation discussed so far were obtained with ambient data
collected at 1-minute resolution. Commonly, average 1-hour resolution data are used
for modelling solar energy systems. Average data can be used at the design stage of
the system for preliminary estimation of cost and energy performance but may lead to
a wrong estimation of the system performance.
In this section, the system performance obtained with data at 1-minute resolution
are compared with those obtained from 10-year average weather data. Specifically, the
results of an annual simulation obtained using 10-year averaged weather-data at a 30-
min resolution have been compared with the results of an annual simulation with 1-min
resolution datasets and presented earlier. The 10-year averaged weather-data are the
result of a 10-year measurement period and are available online at the Photovoltaic
Geographical Information System (PVGIS) [205]. The PVGIS data are global irra-
diance incident on a fixed plane and ambient temperature, provided as average daily
profiles for each month of the year that can be used for the estimation of solar-system
performance as in the work presented in Ref. [119]. For an array of single-glazed PVT
collectors the monthly results evaluated with the two sets of data are shown in Fig-
ure 7.9. The yearly electricity generation is overestimated when using time-averaged
input data by 24.4% (the yearly electricity generation calculated with 1-min resolution
data is 1572 kWh, or 1940 kWh when using time-average data). With regards to the
thermal energy generated, the major discrepancy is obtained in the summer period
when the fraction of thermal energy demand covered by the system is overestimated
by over 25%. This results is also explained by the difference in the irradiance datasets,
the total annual irradiance of the 10-years average dataset is 17% higher than the total
annual solar energy available for the reference year when irradiance data were collected
at 1-min resolution.
Often, the collector dynamic is neglected in system simulations as other compo-
nents, such as the tank, are characterized by a much larger thermal mass. This model-
ing strategy may be acceptable when the irradiance is stable (clear sky) but may lead
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Figure 7.9: Comparison of the fraction of the covered thermal energy demand evaluated
with 1-min resolution input data and with time-averaged input data (over 30-min
intervals).
to wrong results for days characterized by fast fluctuations of the ambient conditions.
When solving the energy balance of the system using input data at 1-min resolution, a
decision has to be made whether a dynamic or quasi-steady model is required. This is
related to the value of the collector time-constant. In order to quantify the difference
between the two modelling strategies, that is to say the use of a quasi-steady model
for the collector and the use of a fully dynamic model, a model having a simple control
strategy was tested by solving both the quasi-steady and the dynamic problem for the
month of July. In this simpler model the pump is activated only for a specific collector
temperature of 5 K above the tank temperature and the system does not have a bypass.
The results reported in Table 7.2 show that the quasi-steady solution overestimates
the thermal energy-demand coverage fraction by up to 12%, while the electricity pro-
duction is overestimated by 7%. This discrepancy can be explained by considering
the activation and de-activation of the pump, which is determined by the differential
controller set with a specific value of temperature-difference. When the quasi-steady
solution is applied, the fluid temperature follows the profile of the solar irradiance and
as soon as there is irradiance on the solar collector the temperature reaches the re-
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quired value to activate the pump. The results show that the pump is running by 57%
additional hours in the case of the single-glazed collector for the quasi-steady solution.
Table 7.2: Comparison of the dynamic and quasi-steady solutions with the same inputs
at 1-min resolution.
fTH PEL Pumping hours
Double glazed Dynamic 0.95 138.1 364.9
Quasi-steady 1.07 128.4 372.9
Single glazed Dynamic 0.68 166.7 364.5
Quasi-steady 0.73 161.4 573.2
Unglazed Dynamic 0.32 204.6 371.9
Quasi-steady 0.34 203.2 564.3
7.4.2 Tank stratification
The results presented so far are obtained by considering a hot-water storage tank with
a heat-exchanger (coil) design that promotes mixing, such that the tank is modelled
as fully mixed. Stratified charging of the hot-water cylinder can also be employed, in
which case the stratification of the fluid in the tank will be affected by the design of
the coil in the tank, the design of the inlet and outlet ports, the size of the tank, etc.
In this section, the effect of the flow-rate on the tank stratification is estimated,
in case the system employs a variable speed pump. Then the use of a fully mixed
tank versus the use of a stratified tank is evaluated as a different design choice may
lead to a different system performance. The effect of the collector flow rate on the
tank stratification was tested for a 1 hour charging period with the tank being initially
fully mixed at 45 ◦C. The heat transfer coefficient in the heat transfer coil is strongly
dependent on the flow rate while the heat transfer coefficient due to free convection
in the tank has a lower dependence on the flow rate in the coil. The dimensionless
temperature distribution along the tank height θ = (Tt − Tf-o)/(Tf-i − Tf-o), is reported
in Figure 7.10 for a constant inlet fluid temperature and a flow rate ranging between
2 L/h and 200 L/h. For this particular coil geometry the heat transfer in the coil
is more effective between 30 L/h and 70 L/h. Also it can be noted that the bottom
of the tank is cooling slightly as it is assumed that the tank loses heat at an indoor
temperature of 20 ◦C.
In order to consider the variations in the outputs of interest introduced by the
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Figure 7.10: Tank stratification at different flow rates after one hour. The tank is
initially fully mixed at 45 ◦C and the heated fluid enters the tank at Tf-oat the port (at
a tank height=1.4 m).
Table 7.3: Daily system performance when a fully mixed tank and a stratified tank are
employed in the system.
Fully mixed tank 3-Node, 1-D stratified tank Relative difference
QTH =7.01 kWh QTH =6.76 kWh 3.8%
PEL =7.87 kWh PEL =7.96 kWh 1.1%
design of the tank (fully mixed or stratified), a 3-node, 1-D stratified tank model with
one coil heat exchanger and two ports has been tested as well as the fully mixed version
of the tank model for a 1-day with 1-min data. The results obtained for 1st September
with the two design options are given in Table 7.3. There is only a small difference
between the annual results obtained with the stratified tank and with the fully mixed
tank. Moreover, given the inherent uncertainty to the design of the hot-water cylinder
and the small relative differences in the results, the performance (outputs) of the PVT
system with a fully mixed tank discussed so far can be considered to extend to an
equivalent PVT system featuring a stratified tank.
7.4.3 Emissivity control of solar cells
A PVT collector with modified solar-cell optical properties is also consider, whose
aim is to reduce the radiative losses from the PVT collector. The emissivity of an
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Figure 7.11: Fraction of thermal energy generated fTH and electricity generated PEL for
one year calculated using instantaneous weather data. Here the results are reported for
the case of a standard solar cell with  =0.9 and with solar cells having low emissivity,
ideally  =0. Reproduced from Guarracino et al. [168].
ideal absorber is considered for the comparison, and  for thermal radiation is set to
zero. In reality, it is envisaged that a value between 0.9 and the ideal value could be
achieved with a selective coating. In practice, emissivities between ∼0.2 and ∼0.5 have
been achieved in the thermal emission range of wavelength. The results are shown
in Figure 7.11. For all collectors (unglazed, single-glazed and double-glazed) the
fraction of thermal energy covered would increase by more than 10%, e.g. for the
unglazed collector this increases from 24.3% to 36.2% (i.e. by 12%). Slight differences
in the relative improvement arise due to the different fluid temperatures in the different
collectors and the operation of the differential controller that regulates the preheating
of the storage tank by the collector fluid. In an unglazed collector the system preheats
the storage tanks for only few hours each day and the fluid is mainly kept recirculating
through the collector so that it can reach the set temperature. On the other hand,
the electrical performance is found to deteriorate, as expected, at higher operating
temperatures.
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7.4.4 Control strategies
The thermal fraction provided by the solar system may be enhanced with optimized
control strategies as proposed by several authors [155–158, 160, 161]. The controllers
operate upon receiving signals from two or more temperature sensors and solar irradi-
ance measurements. The pump operates the system at certain temperatures; generally
a single speed pump is used when on-off controllers are employed, whereas a variable
speed pump is used in conjunction with a proportional optimal controller. This section
assesses the potential improvement of the annual thermal output in relation to different
control strategies, the analysis considers an on-off controller operating in a range of
flow rates and activation temperatures, and an optimal controllers in conjunction with
variable speed pumps.
In order to evaluate the system performance for a large set of configurations, a
simpler system model is used: the collector is approximated with a lump dynamic model
that takes into account for the variation of the efficiency and the heat capacity with the
flow rate as discussed in Chapter 5 and Chapter 6, and a further simplification is that
the system operates without bypass. The annual performance of the solar system with
different on-off controller settings is mapped for a range of activation temperatures and
flow rates. The optimal controller which maximises the collector temperature during
the system operation results in a substantial improvement of the thermal fraction of
25%, the improvement occurs especially during days with clouds and low irradiance.
On-off controller
This type of controller is widely used in solar thermal systems, it monitors the tem-
perature in the top of the storage tank Tt and the temperature at the collector outlet
Tf-o . When the temperature difference Tf-o − Tt is above a set value ∆TON the pump
is activated. The fluid is circulated to the tank until the collector outlet temperature
is at a temperature above the tank temperature whithin a treshold ∆TOFF. In most
domestic installation, ∆TON ranges between 3 K and 10 K and ∆TOFF is between 0.5 K
and 1.5 K [158, 168, 264]. These values should be chosen carefully and small changes
in those temperature settings may result in unexpected behaviour [265]. In this work
a symmetric band of allowed temperatures around the desired tank temperature is
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selected, this means that ∆TOFF is selected to be equal to ∆TON/2. A range of ∆T
has been analysed and a wide range of flow rates. The collector fluids circulates to
the thermal store until the maximum temperature of 80 ◦C is achieved in the tank, at
which point the pump is shut-off until the store cools down to 75 ◦C.
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Figure 7.12: a) Annual thermal fraction provided at different flow rates and for ∆TON
between 0 and 30 K. b)Maximum thermal fraction provided for selected ∆TON.
If the system has an on-off controller and it is designed to operate at high flow
rates, the thermal fraction is slightly lower than the best system performance that is
achieved at low flow rates and low activation temperature differences and does not
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improve further with the flow rate at higher ∆TON (Figure 7.12a). Above a flow rate
of 150 L/h the fraction of energy covered does not increase further thus limiting the
possible flow rate for operating the system to 1-150 L/h. The larger the flow rate is,
the larger ∆TON has to be in order to guarantee a high fraction of thermal energy
covered as shown in Figure 7.12b and for high flow rates is possible to identify ∆TON
which maximises the thermal energy. When the ∆T is low the power delivered to the
tank is also low due to a small temperature increase in the collector despite a larger
heat transfer coefficient in the coil; when the ∆TON is large the system is not working
for most of the time both for high and low flow rates.
Table 7.4: Daily simulation results for a PVT system operating at 100 L/h and ∆TON =
10 ◦C.
Overcast day Sunny day Cloudy day
Day average irradiance (kWh/m2) 4.86 7.9 3.8
Hours operation (h) 5.05 7.1 4.8
Day average flow rate (L/h) 100 100 100
Maximum tank temperature (◦C) 50.4 77.9 51.6
Day average tank temperature (◦C) 37.1 52.8 34.9
Maximum collector temperature (◦C) 58.9 83.9 57.6
Demand (kWh) 12.0 22.9 16.9
Thermal fraction (%) 50.9 35.2 43.7
Annual thermal fraction (%) 28.9
The results of the system operation during three days of the year with different
irradiation level and stability is reported in Table 7.4 for a flow rate of 100 L/h, which
is the recommended value for this collector type, and for a ∆TON of 10 ◦C which is
the activation temperature that is normally found in the literature in the case of low
temperature domestic hot water systems [158, 168, 264]. This configuration results in
a relatively stable operation of the system with a lower hours of operation during the
days with intermittent clouds and low irradiance when the collector cannot reach the
minimum temperature that activates the pump. The same system operating at low flow
rate and low activation temperature such as 2 L/h and ∆TON of 2 ◦C would outperform
the previous configuration during a cloudy or overcast day but it is worse during a sunny
day. Figure 7.13b-c show the system operation at 100 L/h and ∆TON = 10 ◦C while
Figure 7.13d-e show the operation at 2 L/h and ∆TON =2 ◦C calculated during the
sunny day with the irradiance shown in Figure 7.13a. At the
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lower flow rate the top of the tank reaches the maximum allowed value of 80 ◦C at
around 12 am, therefore the pump is stopped until the tank temperature reaches 75 ◦C
(around 4 pm). Consequently less energy is stored in the tank as compared to the
previous configuration at high flow rate when the system operates continuously until
2 pm. During the sunny day considered in this analysis 63% of the daily demand
is required between 0-2 am and between 4-11 pm (Figure 7.13b and Figure 7.13d),
consequently the maximum thermal fraction achievable with this system is limited by
the size of the store and by initial charging temperature of the tank other than the
flow rate and ∆TON chosen for operating the system.
From the analysis of the annual performance and of the daily performance during
cloudy and sunny days it can be concluded that low flow rates and small activation
temperatures result in improved system performance during cloudy days, while large
flow rates and high activation temperatures should be adopted for sunny days. These
improvements can be achieved in practice by changing the temperature settings on the
thermostat controller, without any modification to the system design and in principle
without any additional costs. Less pumping power is also required, considering that
the system operates at lower flow rate and the investment costs are expected to be
lower due to the possibility of using smaller pipes and a smaller pumps.
Proportional controller
A proportional controller adjusts the mass flow rate based on instantaneous measured
quantities with the aim to achieve design values of the tank or of the collector tem-
perature, the temperature difference, or to maximize the energy gain [157, 266, 267].
A proportional controller which adjusts the flow rate (the control variable) in order
to meet a target value of a control function was tested. The controller operates the
system by varying the flow rate within a range between 2 L/h and 200 L/h. The pump
is initially activated when the PVT temperature is higher than the tank temperature,
if the tank temperature exceeds the maximum allowed temperature of 80 ◦C, then the
solar system operates in order to sustain the tank temperature at 80 ◦C. Different
target functions were tested aiming to identify the best control strategy for the system
under analysis and the results obtained for the various strategies are briefly discussed
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at the end of this section. It is found that the daily thermal fraction during sunny and
cloudy days improves when the collector outlet temperature is maximised at each time
instant during system operation. High collector temperatures determine a large heat
transfer rate from the collector to the tank via the immersed heat exchanger due to
the large temperature difference driving the heat transfer.
Table 7.5: Daily simulation results for a PVT system operating with a flow rate con-
troller that maximises the collector temperature.
Overcast day Sunny day Cloudy day
Day average irradiance (kWh/m2) 4.86 7.9 3.8
Hours operation (h) 7.5 5.3 8.4
Day average flow rate (L/h) 27.9 9.6 27.1
Maximum tank temperature (◦C) 75.9 81.0 76.6
Day average tank temperature (◦C) 48.7 56.2 46.5
Maximum collector temperature (◦C) 96.5 155.1 86.4
Demand (kWh) 12.0 22.9 16.9
Thermal fraction (%) 57.0 32.5 50.1
Annual thermal fraction (%) 35.6
The daily operation of the system working with a proportional controller which
maximises the collector temperature is shown in Figure 7.14 and the daily results are
reported in Table 7.5. The system operates at a lowered average flow rate in all cases
and for longer during the cloudy days with respect to the reference case (thermostat
on-off controller designed to operate the system at 100 L/h and ∆TON = 10 ◦C). The
thermal fraction increases by 15% during the cloudy and the overcast days compared
with the thermal fraction of the reference case (Table 7.4) while it does not improve
during the sunny day. As discussed earlier, for the sunny day analysed the thermal
fraction is limited by the size of the storage and by the distribution of the hot water
demand with respect to the daily irradiance distribution. During the sunny day the
tank heats up to 80 ◦C and the temperature is therefore mantained constant requiring
to deactivate the pump occasionally, thus the system operates for fewer hours. The
annual thermal fraction increases to to 35.6% (compared with the 28.9% of the on-off
controller working at 100 L/h and ∆TON = 10 ◦C, or with the best 32.8% at 10 L/h
and ∆TON =2 ◦C) with an improvement of 25% with respect to the traditional on-off
controller.
It can be concluded from this analysis that a low flow rate of operation (and high
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Figure 7.15: Comparison of the annual thermal fraction for different control strategies.
collector temperatures) determines a larger thermal fraction during cloudy days and
consequently a higher annual thermal fraction. A proportional controller should be
preferred over a simpler on-off controller as it adapts the system operation to the
instantaneous weather conditions and allows for best performance during days with
any irradiance level and stability and for any geographic area. It should be further
commented that when the system operates at low flow rates the temperature of the
module is higher, consequently the system electrical efficiency is deteriorated if the
system has a PVT array and further design constraints may arise if the collector has a
low stagnant temperature.
Other empirical control strategies were also tested and the comparison of the re-
sults obtained is reported in Figure 7.15. Maximising the collector temperature while
pump is active results in a higher system performance compared with the classic on-off
strategy during overcast days and during days with intermittent clouds, but keeping
roughly the same thermal fraction as the on-off controller during a sunny day.
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7.5 Summary and further discussion
This chapter introduced the use of a detailed 3-D dynamic numerical model of a PVT
collector for the estimation of the annual thermal and electrical energy outputs gener-
ated by a domestic system that operates in the UK using time-varying weather con-
ditions. The model takes into account the temperature distribution on the surface of
the PV module that is required in order to accurately calculate the electricity gener-
ated, and this is possible only if a 3-D numerical model is used for the simulations.
The results show that the temperature increment on the PVT collector results in an
efficiency variation due to a non-uniform temperature distribution on the PV cells;
during a sunny day the efficiency drops by only 4% below the nominal value of 12.6%,
which is the electrical efficiency of the PVT module at standard conditions and empty
of fluid, during the hot hours of the day when the incident irradiance reaches 800 –
1000 W/m2. Due to the flow of the cooling liquid (water) the panel operates above its
nominal efficiency for the rest of the day.
The model uses real weather input-data at high resolution and a high-resolution
profile of domestic hot-water demand obtained with the software DHWcalc. One of
the conclusions of this work concerns the requirement of using real input-data at high-
resolution for the correct estimation of the yearly and monthly performance of the
system, as opposed to averaged data, especially if a novel control strategy that can
adjust the system’s outputs in response to varying demands is to be designed. In
particular, it has been shown that the use of time-averaged climate data results in an
overestimation of ∼25% of the electrical output and of the thermal output (climate
data for the year 2014-2015 are used in the present analysis). This is especially of
relevance when performing an economic analysis of the system, which requires a precise
knowledge of the instantaneous generation of electricity in relation to the electricity
demand during the day.
A critical analysis of the use of a fully dynamic model with respect to the quasi
steady model that is often adopted for predicting the performance of solar thermal
systems revealed that, when irradiance data are available at high resolution, the quasi-
steady model provides a wrong estimation of the system performance. The main reason
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is that the prediction shows that the pump operates for more hours when the collector is
approximated with a quasi-steady model and the heat capacity is neglected. Moreover,
when running simulations using high-resolution weather-data, some parameters of the
control strategy were found to be critical, namely the cooling flow rate, the operation
mode/strategy of the pump, and the temperature of activation/de-activation of the
pump and bypass branch.
Considering the sensitivity of the system performance with the controller settings,
the daily and annual performance of a simpler PVT system is analysed with various
control strategies in place: on-off controller in a range of temperature settings and flow
rates, and a proportional controller that increases the thermal fraction when the col-
lector temperature is maximised during operation. The solar thermal system performs
with a higher thermal fractions during cloudy days with this control strategy, thus the
annual thermal energy yield is increased. These control strategies are implemented
by varying the flow rate and the pump activation based on instantaneous temperature
and irradiance measurements. By varying the controller strategy and settings the PVT
system under analysis can provide between 26% to 35% of the thermal demand for hot
water. The best annual performance when the system has the differential controller
can be achieved when the system operates at low flow rate (10 L/h) and low activation
temperature (2 ◦C) as these settings allow for the best operation during cloudy days
while high flow rates are preferred in sunny days. The on-off controller with the most
classical arrangement of 0.02 kg/s m2 (100 L/h) and an activation temperature of 10 K
provides ∼10% less energy than the same system operating at 0.002 kg/s m2 (10 L/h)
and an activation temperature of 2 K. The second configuration would also reduce the
parasitic losses of electricity required for circulating a larger flow rate.
A proportional controller that maximises the collector outlet temperature allows
the system to operate at its best during cloudy or overcast days resulting in an annual
improvement of the solar fraction of 23% compared with the classic arrangement of
thermostat controller. It is also found that the performance of the solar system are
also limited by other design parameters, such as the maximum allowable tank tem-
perature and the tank volume. For example, a sunny day was selected when 63% of
the thermal demand is required during the night or in periods of low irradiance, con-
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sequently the daily performance cannot be improved substantially with changing the
controller settings. A combination of these control strategies might lead to a significant
improvement of the system performance if there is a prior knowledge of the weather
data.
The effect of the emissivity of the solar cell on the thermal output of the PVT
panel has also been considered. Solar cells for PVT applications can be specifically
designed to increase the thermal performance of the module while maintaining a high
electrical efficiency. It has been shown that if the emissivity of the solar cell is reduced,
the thermal output of the PVT system can increase by 10% with almost no loss in
the electrical output due to the low temperature of operation of the non-concentrated
solar-thermal system. This result suggests that further reduction of the emissivity of
the solar cells for PVT applications has the potential to enhance the performance of
the whole system.
It can be concluded from the results presented in this chapter that a detailed model
of solar collector should be used for evaluating the system performance with time-
varying input data and variable flow rate. Generally, the solar systems achieved a higher
thermal fraction at low flow rates and activation temperatures due to the improved
performance during cloudy days. A low flow rate and maximum collector temperatures
adjusted during the operation determine a substantial improvement of the annual solar
fraction. A combination of optimized controller with prior knowledge of the weather
condition and thermal demand profile, together with an optimize design of the size
hot water tank in relation to the user-demand profile and PVT modules with reduced
thermal losses may determine a substantial improvement of the performance of the
solar system.
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Comparative energy and economic analysis of solar
systems
The space available in urban areas that is suitable for new installations of energy
conversion systems is scarce. As consequence there is a strong drive for maximising
the efficiency of the devices, both thermal and photovoltaic. PVT collectors offer
the advantage of generating heat and electricity from the same area. However PVT
systems are not yet widely adopted due to their high capital costs compared with
the alternatives and the lack of reliable data on the operation of PVT systems that
constitute a benchmark for energy planners, designers and engineers. It is expected that
the levelised cost of the energy generated by a PVT system is similar-if not lower-than
the cost of the heat and electricity generated by two solar systems installed separately,
although there are not long term market data from demonstration projects confirming
this trend.
The cost of the hot water generated with solar thermal systems worldwide is between
9 p/kWh and 26 p/kWh depending on the location, and the system capital cost -
including the installation - in Europe system costs ranges between 900 £/m2 in mature
markets (in Austria, where a solar thermal system consists of a 6 m2 collector array
in average with a thermal store of 300 L) and 1900 £/m2 (in France, where a solar
thermal system consists of a 3.2 m2 collector array with a thermal store of 200 L in
average) [11]. The UK constitutes, in relative terms, one of the smallest markets for
solar thermal energy in Europe with only 0.01 m2 installed per person, in comparison
with the 0.2 m2 installed per person in Denmark or Germany [11], and according to
the Energy Saving Trust the installation cost of a solar water heating system in the
UK is in the range of 850-1400 £/m2 [263].
The cost of the electricity generated from PV systems in 2014 worldwide was be-
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tween 10 p/kWh and 30 p/kWh, the capital cost of grid-connected PV systems ranges
between 1450 £/kW and 4300 £/kW for small scale (residential) systems and is 960-
2000 £/kW for ground mounted larger installations [268]. The capital cost of a small-
scale grid connected PV systems varies from country to country and changes depending
on the building integration, the degree of innovation, the learning costs in project man-
agement and the price of custom-made modules. However, a continuous declining trend
in the capital investment of small installations in urban areas has been observed due
to the decreasing module price, which constitutes up to 40% of the total price [268].
In the UK in 2015 PV systems < 4 kW (domestic installations) had an initial cost
ranging from 1600 £/kW to 2020 £/kW, and the PV market increased by 37% since
2014 while the system costs has reduced by 11% [269].
Few costs data are available for PVT systems in the UK as at present there are
only 5 companies that are developing PVT products for the UK market that accounts
for only few hundreds installations [270]. Recently, the Energy Saving Trust estimated
that the cost of the systems (including installation but excluding thermal store) is
around 2250-3000 £/kW based on the nominal electrical power installed [270], this
value is ∼2 times higher than the cost of PV systems in the UK.
In this chapter, a PVT system is compared with a solar thermal system installed
side by side with a PV array (PV+Thermal system) as shown in Figure 8.1 with the
aim to evaluate the energy and economic potential of PVT systems for small scale
residential applications with respect to the existing non-integrated solar technologies.
The systems are designed for the UK weather and energy demand data and using the
costs of the components from retailers price-lists in 2015-2016 in the UK. For the scope
of the comparison, the two systems may be dimensioned for either equal electricity
output, equal thermal energy output, or equal collector area and the comparisons will
determine slightly different results. The authors of Ref. [36] also demonstrated that
a comparative analysis of the PV+Thermal system with a PVT system sized based
on equal electricity and heat output results in similar techno-economic performance
and identical conclusions [36]. In this case, a comparison based on an equal surface
area of 15 m2 has been chosen. Another design requirement is that the systems should
provide a minimum of 30% coverage of the annual demand of hot water. From data
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Figure 8.1: Schematic of solar thermal (red) and PV (black) systems installed side by
side and of a PVT system of the same area.
available in the literature [32, 119, 168], this requirement is met by a 15 m2 PVT system
operating in the UK. The estimated costs and energy performance of the PVT and the
PV+Thermal systems have been evaluated based on an equal surface area available for
the installation, as in practice the area is often the limiting factor in dimensioning high-
yield solar energy systems for residential areas. Moreover, the thermal yield for both
solar thermal collectors and PVT panels is strongly dependent on the system—e.g.
storage size, that is again dependent on the available space. The energy output of
the systems, the capital costs and the levelised cost of the heat and of the electricity
generated are compared for the PVT and the PV+Thermal systems, this work is based
on the analysis in Ref. [243].
8.1 Systems definition
The PVT and the PV+Thermal systems are designed for the provision of electricity
and hot water in a reference single-family house in the UK having 15 m2 available for
the installation on a south-oriented roof. The hot water demand consists of 122 L/day,
at a mains temperature of 12 ◦C to be heated up to 60 ◦C and with the hourly profile
as described in Ref. [255]. The energy that is eventually required for increasing the
temperature from the tank delivery to the user required temperature is supplied with
an external auxiliary heater. Auxiliary heating can be provided in various ways in
domestic systems, those include air to water heat pumps, electric resistance heaters,
gas/oil fired boilers and biomass boilers. In this analysis, a gas fired boiler and an
electric resistance heater have been considered, these are the two most commonly
used systems for domestic hot water heating in the UK, covering rispectively 80%
and 8% of the national heating demand [20]. The electrical power required annually
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Table 8.1: System specification.
Slope angle 38◦
PV efficiency 16% Ref. [15]
PV NOCT 48 ◦C Refs.[273, 274]
Solar thermal η0 0.80 Ref. [18]
Solar thermal heat loss coefficient a1 3.69 m2/K W Ref. [18]
Solar thermal heat loss coefficient a2 0.01 m2/K2 W Ref. [18]
PVT module electrical efficiency 15% Refs. [232, 275–277]
PVT η0 0.56 Refs. [232, 275–277]
PVT heat loss coefficients a1 7.47 m2/K W Refs.[232, 275–277]
PVT heat loss coefficients a2 0.31 m2/K2 W Refs.[232, 275–277]
Hot water demand 122 L/day Ref. [255]
Electricity demand 3300 kWh/yr Ref. [271]
for all appliances has been estimated in Refs. [257, 271] and it is 3300 kWh/yr. The
cost analysis has been performed using hourly average weather data, the annual solar
irradiance and ambient temperature hourly data are taken from from ASHRAE [272]
for London. The annual solar irradiance for the selected location on the horizontal
surface is 1217 kWh/m2 (139 kWh/m2 in average).
The hydraulic loop of the solar thermal system and of the PVT system comprises
of a circulating pump, a water store, a temperature controller and the collector array,
along with other components that are considered for a correct estimate of the capital
cost of the system (pipes, mounting brackets, expansion vessel). The size of the storage
tank generally varies between 100 L and 300 L in single family installations [62], the
tank is located indoors at 20 ◦C. The system operation is regulated by a temperature
controller which operates the pump by comparing the temperature at the collector and
at the top of the storage.
Two main types of highly efficient solar thermal collectors are used in the UK:
evacuated tube collectors and flat plate glazed collectors using a water-glycol mixture.
The thermal efficiency of solar thermal and PVT collectors varies with the design and
operation (flow rate, temperature etc.) and for both PVT and thermal systems the
collectors are modelled using thermal efficiency curves. Average coefficients of the
thermal efficiency curve are used in this calculation and for the solar thermal modules
of an average aperture area of 2 m2 the values are taken from Ref. [18] and reported
in Table 8.1. These efficiency curves have been evaluated by the International Energy
Agency based on a database of commercial solar thermal collectors, and the values
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are normally used for the estimation of annual solar thermal energy generations for
statistic purposes. The thermal efficiency of PVT modules is lower than that of glazed
thermal collectors due to the additional thermal losses caused by the high emissivity
of the PV cells and the conversion of the absorbed sunlight into electricity. Most of
the commercial PVT modules are unglazed, designed for low temperature applications
that maximize the cooling of the solar cells and consequenlty the electrical ouptut
as discussed in Ref. [278], where it is demonstrated that the electrical efficiency of
unglazed PVT module is enhanced by 4− 10% compared with an equivalent PV module
operating without active cooling. An average thermal efficiency of 4 commercial PVT
collectors [232, 275–277] is considered in this study.
The efficiency of PV modules also depends on the design of the module and in
particular it varies with the cell type. In this study, a module efficiency of 16% is used
for the calculations, that is the average module efficiency for mono-cristalline silicon
products regarded as standard in mid-2015 [15]. If the PVT module has a glass cover,
then the electrical efficiency of the PVT panel is generally lower than that of commercial
PV modules due to the optical losses caused by the additional glazing. An average value
of 15% is considered in this study, which also represents the average electrical efficiency
from the four commercial modules [232, 275–277]. The loss of electrical efficiency with
PV operating temperature is calculated according to Equation 3.43 and Equation 3.44
by using a normal operating cell temperature (NOCT) of 48 ◦C, which is reported in
Refs. [273, 274] to be the typical value for PV modules, while in PVT module it is
calculated by using the mean fluid temperature during operation.
Various system configurations of the solar thermal and PVT array were considered
in this analysis. The solar thermal collectors were connected either in series or in
parallel, or in two strings of modules in series then connected in parallel. Among
these configurations, the one ensuring a minimum of 30% of thermal fraction fTH that
allows for the maximum energy generation is considered in this comparison analysis.
The collectors have a tilt angle of 38◦, which was calculated to be the inclination
angle which allows for the highest thermal fraction for the reference location as also
confirmed in Ref. [119]. The electrical output of the PV and PVT system is considered
to be independent on the demand, it is assumed that all electrical energy generated is
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consumed locally for domestic use or exported to the local grid.
8.2 Economic assessment
The system costs are divided into capital costs and annual incurred running costs. The
annual incurred costs are comprised of the operations and maintenance (OM) costs
plus the costs of auxiliary electricity and water heating [32]. The bill savings are also
considered in this analysis. The systems will be compared in terms of their levelised
production costs of electricity (LPC), hot water and combined heat and power, over
an assumed 20-year system lifetime:
LPC = NPVN∑N
N=1 [Q/(1 + d)N ]
, (8.1)
where Q is the annual production of either electrical or thermal energy or the sum of
both. The net present value (NPV ) represents the cumulative cost of the system over
its lifetime and is calculated as the sum of the capital cost Jc and the present worth
value of the annualised costs for each year of operation Ja accounting for the energy
savings:
NPVN = Jc +
N∑
N=1
Ja(1 + i)N−1
(1 + d)N , (8.2)
The levelised cost and payback time of the system is highly dependent on the choice
of discount rate for the analysis. For solar thermal systems, literature values are in the
range of 5-10% [32]. A discount rate of 8% [32, 279, 280] and an inflation rate of 3.5%,
which was the average retail price index between January 2010 and January 2016 [281],
are used for this analysis. Separate levelised costs of heating and power are found by
splitting the capital and running costs between the hot water generating components
and the electricity generating components. The OM costs meanwhile are split evenly
between the hot water and electricity generating sub-systems.
The cost for the auxiliary heating of hot water is obtained from the annual total
energy provided with the auxiliary heater converted to a primary fuel demand using
the boiler efficiency and the unit price of natural gas (or electricity) listed in Table 8.2.
The economic assessment does not consider the potential for revenue generation
from low-carbon technology incentive schemes such as Feed-in Tariffs (FIT), net me-
tering schemes, renewable energy payments (capital cost contributions). This is due to
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Table 8.2: Economic parameters.
Cost parameters
Inflation rate i 3.5% [281]
Discount rate d for renewable energy systems 8% [32, 279, 280]
Discount rate d for conventional systems 2.5% [282]
Cost of gas 4.3 p/kWh [283]
Cost of electricity 14.5 p/kWh [284]
the significant differences in such incentive mechanisms between European countries
and the rapid changes in the available tariffs over recent years. The UK FIT premium
payment is currently 4.32 p/kWh for PV systems smaller than 10 kW nominal power
installed on dwellings, but has decreased from 43.3 p/kWh since its introduction 2010
[263]. The UK Domestic Renewable Heat Incentive (RHI) for thermal energy gener-
ated by solar hot water systems was introduced in 2014 and the value of the tariff is
19.51 p/kWh [263].
8.3 Annual results and cost analysis
The solar thermal and PV (PV+Thermal) system side by side, consisting of a solar
thermal system and a PV array installed side by side that ensure at least 30% of
thermal fraction and providing the maximum energy output (and thus largest energy
savings) comprises 2 solar thermal collectors connected in series and a thermal store
of 300 L. This system covers 46% of the thermal energy demand and 63% of the
demand of electricity. The capital cost (components only) of the PV+Thermal system
is £4150 (£1750 are attributed to the PV installation of 1.8 kW peak power and £2400
are attributed to the thermal installation). The installation costs would amount up
to ∼30% of the total capital costs [10, 285], but are not considered in this study.
The thermal fraction of a PV+Thermal system increases with the size of the thermal
collector array but the total energy generated is higher when most of the roof area is
covered with PV modules. This is due to the limited operation of the solar collectors
which delivers heat to the tank only when the fluid temperature is sufficiently high for
heating the store, and thus only for a limited window of time during the day. On the
other hand, the PV array generates electricity at any irradiance level. For example,
a day in March is shown in Figure 8.2, the thermal collectors provide 8.7 kWh to the
tank between 10 am and 3 pm at an average conversion efficiency of 42% (collector
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Figure 8.2: Energy generated during a day in March. The red area is the available
energy (incident irradiance) on the solar thermal array, while the black area is the
available energy on the PV array. The pink bar is the energy that the solar thermal
collector array delivers to the tank, the blue bar is the electricity delivered by the PV
array.
efficiency) out of which 4.4 kWh are finally used, while the PVs provide 9.67 kWh
from 6 am to 7 pm and the daily average electrical efficiency is only 15.4%. The same
collector array, during a day in January does not provide heat to the tank because the
irradiance and ambient temperatures are too low for allowing any energy gain at the
collectors, while the PVs generate 780 Whr of useful electricity.
The PVT system which maximises the thermal fraction from the same collector area
available consists of 9 collectors, connected in three parallel lines. The PVT system
generates 30% of the annual hot water demand and 78% of the annual electrical demand
and the capital cost is £4950.
The system components costs are listed in Table 8.3 and the total capital costs
of the systems analysed are reported in Table 8.4. Most of the capital cost in the
PV+Thermal system are attributed to the PV panels (40%) followed by the tank
(21%) (Figure 8.3a), while in a PVT system 73% of the capital costs are attributed to
the collectors (Figure 8.3b). The capital costs of a PVT system is around 20% higher
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Table 8.3: Cost of the electrical components of a PV system and of the hydraulic
components of a solar thermal system. The costs data are taken from retailers in the
UK during 2016-2017.
Grid connected PV system
Component Range Average Source
c-Si PV kit 1 621-1370 £/kW 985.4 £/kW [286–288]
c-Si module 786-968 £/kW 863 £/kW [286, 287, 289]
Electrical components and fixing 2 122 £/kW 122 £/kW
Installation £1500 [285]
Solar thermal system
Component Range Average Source
Solar thermal kit 3 £1250−2000 £1490
Pump station 4 £170.5−537 £300 [289, 290]
Circulation pump £54−226 £167 [289, 290]
Controller £92−215 £141 [286, 287, 290]
Expansion vessel £117 £117 [286]
Tank 5 3−7 £/L 2.8 £/L [287, 291, 292]
Pipes 9−24 £/L 16 £/L [286, 290]
Fluid 6 1−3.6 £/L 2.8 £/L [286, 289]
Mounting 49−204 £/collector 142.6 £/collector [286, 289]
Evacuated collectors 10−43.5 £/tube 24 £/tube [290, 291]
Flat plate collectors 131.6−150 £/m2 140.7 £/m2
Installation £1500 [285]
1A PV kit is a small system which includes the PV modules, the electrical components and the
mountings.
2The cost of the electrical components in a PV systems is obtained by subtracting the cost of the
PV modules to the cost of the PV kit.
3A solar thermal kit is a small system which includes the solar collectors (generally 2), the hydraulic
components and the mountings.
4The pump station has the circulating pump and the temperature controller.
5The cost data were available for a range of sizes between 150 L and 250 L.
6This is a mixture of water and antifreeze.
Table 8.4: System cost evaluated for the PV system, the solar thermal system, and the
PVT system.
System Cost 1 Cost per area 2
PV system 3 £1747 160 £/m2
Solar thermal system 4 £2398 780 £/m2
PVT system 5 £4947 370 £/m2
1The installation labour costs are not included in the analysis.
2The efficiency of PV module is assumed to be 16%.
3The PV system consists of 11 m2 of c-Si module, at 16% nominal efficiency, corresponding to
1.8 kW of installed capacity.
4The solar thermal system consists of a collector array of 4 m2L and a thermal store of 300 L.
5The PVT system consists of 9 modules for 2.0 kWe installed capacity and 300 L hot water store.
than the capital cost of a PV+Thermal array of the same area and covering a minimum
of 30% of the thermal demand, and it is 2.5 times higher than the cost of a PV system
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a) PV+Thermal system cost (Total = 4195 £)
Fluid: £28
Pump station: £300
Expansion vessel: £120
Tank: £810
ST roof mounting: £290
PV panels: £1519
Thermal collectors: £560
Electricals + PV mounting: £214
< 1%5%
2%
15%
73%
4%
b) PVT system cost (Total = 4947 £)
Fluid: £28
Pump station: £300
Expansion vessel: £120
Tank: £810
PVT panels: £4080
Electricals + PVT mounting: £248
Figure 8.3: a) System cost breakdown of the PV+Thermal and b) of the PVT sys-
tem including the hydraulic components, the electrical components and the collectors.
Labour installation costs are not included.
of equivalent area.
The operation and maintenance costs (which do not include fuel costs) are assumed
to be 1% of the capital cost [10], whilst the annual running costs due to extra heating
or power required are 239 £/year for the solar thermal and PV system, and 183 £/year
for the PVT system when additional heating is provided with a gas boiler having 90%
conversion efficiency [119]. These corresponds to a bill saving of 350 £/year for the
PV+Thermal system and 410 £/year for the PVT system when the auxiliary heating
is a gas fired boiler.
The cumulative cost of the solar installations are shown in Figure 8.4a. The cu-
mulative costs for a conventional system (dashed line) are calculated by considering
the running costs of a conventional boiler having a 90% efficiency and the electricity
purchased from the local grid covering the full electricity demand. The payback time of
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Figure 8.4: a) System cumulative costs of the PV+Thermal system (red) and of the
PVT system (black) plotted with the cumulative costs of the conventional system which
covers the energy need (dashed). b) The cumulative costs of the separate PV system
(blue) and solar thermal system (green) are compared with the conventional systems
for electricity and heating generation. In this analysis, the thermal energy is provided
by means of a gas boiler.
the PV+Thermal is 13 years whereas the payback time for the PVT system is 12 years.
Despite the higher investment cost of the PVT system, its payback time is similar to
the one of the PV+Thermal system due to the higher annual savings rate (15% higher
for the PVT system). The capital investment for both options is paid back within the
systems lifetime even in absence of subsidies, considering that the lifetime of a solar
thermal system is between 15 years (China) and 25 years [11], and is 20 years for PV
systems [12].
The cumulative system costs allocated to the solar thermal and the PV systems
are reported in Figure 8.4b separately and compared with the alternative conventional
system providing heat (gas fired boiler) and electricity (grid). Mainly due to the high
capital costs and the low gas prices, the solar thermal system alone does not pay back
the investment in its lifetime.
The levelised cost of the thermal energy generated with the solar thermal system
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is 22 p/kWh and 73 p/kWh for the PVT system. The levelised cost of the electricity
is 10 p/kWh for the PV system, and 22 p/kWh for the PVT system. The levelised
cost of heat and electricity for the PVT systems are obtained by considering the total
capital and running costs of the system without splitting it between the electrical and
hydraulic components.
8.4 Sensitivity analysis of economic performance
PVT collector efficiency
In the scenario described above, the PVT collector exibits a low thermal efficiency
compared with standard solar thermal collectors. The thermal efficiency of PVT mod-
ules can be increased by maximising the conversion of the incident irradiance into heat
without compromising the electrical efficiency; in practice this is done by adding a
glass cover, by adopting an evacuated design [270] and by applying a low emissivity
coating on the solar cells which reduces thermal losses. As already introduced, Lammle
et al. [128] proposed and manufactured a glazed PVT module that has an improved
thermal efficiency as reported in Figure 8.5b. This was achieved by applying a low
selective coating on the solar cells which reduces the thermal losses due to radiation
by 80% while the electrical efficiency is reduced by only 3%rel [128]. When the features
of the PVT modules proposed in Ref. [128] (PVT2) are used for the evaluation of the
energy performance, the results obtained are reported in Table 8.5 together with the
results obtained with the PVT modules having the average thermal efficiency of the
products available on the market in 2015-2016 (PVT1). A PVT system featuring an
improved thermal efficiency allows for a higher thermal fraction and improved economic
performance, covering 61.3% of the demand of thermal energy for domestic hot water
and 75% of the demand of electricity from the same aperture area. A comparison of
the energy yield of the PV+Thermal system and of the PVT system using the two
PVT collector types is reported in Figure 8.5a. The PVT system with high efficiency
collectors generate 25% more energy with respect to the PV+Thermal system of the
same area (32% more electricity and 10% less thermal energy), and it generates 20%
more energy than the PVT system using low efficiency collector (2 times more thermal
energy and 5% less electricity due to the lower module electrical efficiency) and the
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levelised cost of the heat drops to 36 p/kWh thus improving the cost competitiveness
of the installation compared with the conventional system.
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Figure 8.5: a) Comparison of the energy yield of a PV+Thermal system, of a PVT
installation using conventional PVT modules available on the market (PVT 1) and
using the high efficiency PVT modules proposed in Ref. [128] (PVT 2); b) Thermal
efficiency of a solar thermal collector, commerical PVT collector (PVT 1) and high
efficiency PVT module PVT 2 [128].
Cost of alternative energy systems
So far it has been assumed that the auxiliary heating is provided with gas. In reality,
8% of the households in the UK generate hot water from electric heaters [20]. In this
case heating of domestic hot water is more expensive: the householder pays a annual
bill of £375.4 if heating is provided with electricity (at the best case having 100%
conversion efficiency) while the annual cost of the heating from a gas boiler is £114.5.
The running costs and the bill savings when heating is provided with gas (G) and
electricity (E) are reported in Table 8.5 for the configurations analysed. It should be
noted that in this and previous calculation the cost of the electricity and gas used as
alternative is considered stable with years but it might continue to increase following
the trend of the electricity and gas retail prices in the UK since 2011 [283, 284] reported
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in Figure 8.6. The investment break-even for the PVT system and for the PV+Thermal
system in this case decreases to 8 years and that of the PVT system decreases to 9 years
(Figure 8.7a). The solar thermal system is also paid back within the system lifetime
in this case, and the investment for the thermal part of the system is recovered in 11
years (Figure 8.7b).
Table 8.5: System energy performance evaluated for the PV+Thermal system, the PVT
system using conventional collectors high efficiency PVT collectors using the data from
Ref. [128].
System fTH fEL Q E LEC 1 Running costs Bill savings
% % kWh kWh £/kWh £ £
PV+Thermal 46.2 62.8 1196.1 2071.2 Q 0.30 G 292.0 G 353.2E 0.21 E 429.6 E 473.8
PVT 1 29.8 78.4 771.4 2587.0 Q 0.73 G 244.0 E 409.2E 0.22 G 472.2 E 487.0
PVT 2 61.3 74.9 1588.0 2470.2 Q 0.36 G 218.2 G 428.0E 0.23 E 310.0 E 588.4
Electricity and gas 593.0
Electricity 853.9
1The levelised cost is reported for thermal energy (Q) and electricity (E).
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Figure 8.6: Price of electricity since 2011 [283, 284] with price projection.
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Figure 8.7: a) System cumulative costs of the PV+Thermal systems and of the PVT
system plotted with the cumulative costs of the conventional system which covers the
energy need. b) The cumulative costs of the separate PV system and solar thermal sys-
tem are compared with the conventional systems for electricity and heating generation.
In this analysis, the thermal energy is provided by means of an electric heater.
Market development
The market for PVT systemz installed in the UK is currently small, amounting to only
500 installations [270], and few companies supply these types of modules. Also the
solar thermal market is relatively small in the UK and in 2014 had a growth of 5%
with 27 MWh new capacity installed with respect to 2013 [11, 153]. This growth is in
line with the world average growth of solar thermal installation, which was 6% in 2015
[18]. It can be assumed that the cost of the solar thermal collectors decreases following
the european trend by 23% with doubling the installation as reported in Refs. [293–
295]. This value is very similar with the decrement of the cost of PV modules which
has had a learing rate of 16–30% (average 20.9%) as reported in global scale studies
[296]. Learning curves can also be attributed to other components of the systems,
for example, in Germany the BOS of PV systems learning rates has been 22% in the
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German PV market for the 1992–2001 period, with a learning rate for inverters in the
range of 4–9% over the 1995–2002 period [297].
If in the UK the solar thermal market continues to grow at the same rate of 0.5%
per year as in 2014, by 2020 the cost of solar thermal modules will be reduced by 14%.
The same relative cost reduction can assumed for the PVT module price if these are
installed instead of solar thermal systems. Consequently, the total system costs will be
∼ £4400 in 2020.
Weather and building stock
The system discussed earlier was designed for the UK climate and average roof-area,
where the space available for a domestic solar installation is limited to 15 m2 and the
annual solar irradiance is relatively low compared with other European countries. In
this section, the results of the economic analysis performed on a PVT system and on
a PV+Thermal system installed in Italy, for the weather and energy demand of Rome
and Milan, are reported and discussed. In Italy, the average roof area available for a
detached house is 70 m2 [298] and the average size of a single family house is 94 m2
[298, 299]. Residential buildings are characterized by a heating demand during the
winter season, a cooling demand during summer and a constant demand for hot water
troughout the year. The PVT system is designed to provide a minimum of 60% of the
annual energy required for domestic hot water, heating and cooling, in alignment with
the recent Italian building regulation [300] and with the Solar Heating and Cooling
roadmap of the International Energy Agency [23]. The annual irradiance available
and the annual energy demand for the two cities is reported in Table 8.6 together
with the annual simulation results. Two scenarios were considered: the PV+Thermal
is sized based on an equal installation area, the PV+Thermal is sized based on an
equal thermal energy and electrical energy output. From the results, it is possible to
note that the techno-economic performance and the conclusions from the two different
scenarios are identical, confirming the results reported in Ref. [36]. In the case that
the systems are sized based on equal energy generated, providing a minimum of 60%
of the thermal energy demand, including the domestic hot-water, space heating and
cooling provided with conventional electrically-driven chillers with COP= 3, the PVT
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Table 8.6: PVT system and PV+Thermal system designed to operate in Italy (Rome
and Milan) and to cover 60% of the residential thermal energy demand.
DHW+heating (MWh/year) Cooling (MWh/year) Irradiance (MJ/m2 year)
Rome 16.7 6.4 208.6
Milan 24.7 4.5 159.2
System sized on equal energy output
PVT PV+Thermal
Area Cost Payback time ST area PV area Cost Payback time
Rome 15 5685 4 years 12 18 6764 5 years
Milan 20 6642 3 years 17 22 8308 5 years
System sized on equal installation area
PVT PV+Thermal
Area Cost Payback time ST area PV area Cost Payback time
Rome 15 5685 4 years 12 3 4353 5 years
Milan 20 6642 3 years 17 3 5330 5 years
system in Roma has an aperture area of 15 m2 (corresponding to 2.25 kWe) while the
PV+Thermal system has 12 m2 of solar thermal collectors and 18 m2 of PV module
(corresponding to 2.88 kWe). Slightly larger areas are required in Milan due to a larger
heating load and less available irradiance: the PVT systems consists of 20 m2, the solar
thermal array consists of 17 m2 and the PV modules occupy 22 m2. The PVT system
has an investment cost that is 20−25% lower than the equivalent PV+Thermal system
providing the same energy in Rome and Milan. The lower investment cost results in an
investment payback time of 3 years, compared with the 4−5 years of the PV+Thermal
system. The PVT system designed on an equal roof area is 30% more expensive than
the PV+Thermal due to the higher modules-cost associated to the PVT system. Based
on an equal roof area, the PVT system generates 5−7 times more electricity than an
equivalent PV+Thermal system providing a similar solar thermal fraction.
Solar systems designed to provide a large fraction of the domestic demand of thermal
energy have a better economy than smaller systems designed to provide domestic hot
water in northern countries. This is partially due to the higher savings, and also due
to the lower investment costs per unit area. It should be commented that, due to the
local characteristics of the building stock in countries such as Italy in central Europe,
the size of the PVT installation is limited by the thermal energy demand as excesses of
thermal energy is not recommended in case seasonal thermal storage is not available,
rather than to the roof area. This should be taken into consideration when using PVT
modules with optimized thermal efficiencies.
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8.5 Summary and further discussion
One of the main reasons for adopting PVT systems versus solar thermal and PV
systems installed side by side is in the higher utilization of the available area of 15 m2.
In the UK, a solar PVT system with average module specifications generate roughly
the same amount of energy as two solar systems installed separately on the same space
and covers a thermal fraction of 30% while the PV+Thermal system consisting of a
4 m2 array area covers 46% of the demand for heat but the thermal fraction provided
by a PVT system of the same aperture area might increase to 61% with high-efficiency
collectors improving the cost competitiveness of the installation.
The techno-economic performance have also been analysed in a different geographic
area characterized by a different climate and local building stock. In the UK, on a lim-
ited roof area of 15 m2 and annual average daily irradiance of 11 MJ/m2 incident
irradiance, the PVT system capital investiment is 20% higher than the capital invest-
ment of a PV+Thermal system mainly due to the higher modules cost. It has been
demonstrated that, when there is no space constraints and the irradiance is abundant
(daily annual average ∼17 MJ/m2), a PVT system can cover up to 60% of the thermal
energy demand (including heating, hot water and cooling) and 55% of the electricity
annual demand and the investment cost of the PVT system is 20−25% less than that
of the PV+Thermal system. Furthermore, there is a large potential for cutting down
even further the capital costs as the market is not yet mature and the panel costs
remains high (1700 £/kWe compared with the PV module cost of 863 £/kWe).
Hybrid PVT collectors will be especially competitive in a contest where building
regulations exist that set a minimum target energy provision from renewable energy
sources as they provide heat and electricity from the same area. The CO2 emission
avoided 1 with the PVT and PV+Thermal systems from the system operating in Lon-
don (worst case with low efficiency PVT panels), in Milan and in Roma is reported
in Table 8.7. The PVT system avoids 15% to 80% more CO2 than an equivalent
PV+Thermal system, and the cost of the avoided CO2 emissions during the lifetime of
the system is between 13 p/kgCO2 and 14 p/kgCO2 in Italy, while it is 15−20 p/kgCO2
1The CO2 emission avoided by displacing gas for thermal energy is 0.1836 kgCO2/kWh while the
CO2 emission avoided by displacing electricity from grid is 0.5246 kgCO2/kWh [301].
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Table 8.7: CO2 emissions (kgCO2/m2 year) avoided from PVT and PV+Thermal sys-
tems.
London Rome Milan
PV+Thermal 87.5 150.7-153.4 137.2-160.2
PVT 100.2 276.7 248.5
for a PV+thermal system (20−30% more expensive). In the UK, the cost of avoided
CO2 emissions from a small PVT system is still slightly higher than from a combined
PV+Thermal system (37 p/kgCO2 compared with 31 p/kgCO2). As a reference, solar
thermal and PV systems today have a cost of CO2 abatement of ∼40 p/kgCO2 and
18 p/kgCO2 respectively in average worldwide, and wind off-shore system are more ex-
pensive displacing fossil fuels at a cost of ∼0.35 p/kgCO2 [302]. From the results it is
evident that PVT systems displace effectively fossil fuels with renewable sources us-
ing limited areas, thus making the international target of de carbonization achievable
faster and at lower cost compared with other technologies.
The primary barrier for the market adoption of solar PVT systems is their high
initial costs compared with a solar thermal and PV systems installed side by side.
According to the UK Solar Trade Association at present only 44% of the installed costs
of a solar hot water system in the UK is typically attributed to equipment costs, with
the remainder attributed to customer acquisition, business administration, physical
installation, and VAT, and an increase in the size of the UK market could see the total
installed costs to fall by as much as 30% [303]. The cost of the collector array forms a
significant fraction of the purchased equipment cost, but is highly variable depending
on the type of collector, manufacturer and country of purchase. There is a significant
potential for reducing the cost of PVT modules, which is a major contributor towards
the high system capital costs [304, 305]. One possibility is to adopt cheaper materials
for manufacturing the module (e.g. plastics [306]) and another involves increasing the
thermal efficiency of the module with the development of new designs of solar cells as
proposed in Refs. [128, 130] in glazed modules. In this case, anti-reflective and high
transmittive glass covers [111] together with low emissivity coatings should be adopted
in order to improve the cost competitiveness of the installation. An opportunity for
cost reduction might come from manufacturing the PVT modules employing cheaper
materials and different manufacturing processes for the encapsulation of the solar cells
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that is, at present, the major cost component of PV modules and it is used mainly
for protection of the solar cells to ensure module durability [15]. PV modules without
encapsulating foils have recently been proposed by Fraunhofer ISE [307], the so called
TPedge modules are edge-sealed, double-glass PV modules, similar in construction
to insulating glass windows. The modules forgoes the encapsulation foils and the
module frame, saving material and production costs. Labour costs also constitutes a
large portion of the capital investment. Due to the lack of local retailers and trained
installers, the additional installation costs can account for around 30% of the total
capital cost of a solar system (data from EU market [32, 285]). High initial costs limit
a widespread adoption of the technology also as a consequence of the split incentive
(also called the tenant-landlord dilemma), that arises when the person paying for the
initial costs is not benefiting from the bill savings.
Local and international policies will definitively overcome the barriers associated
to the costs. Europe adopted incentive schemes supporting photovoltaics, but these
support schemes have been revealed to be difficult to sustain as the market volume
increases. Financial incentives are recommended to facilitate solar installations in
existing buildings as the retrofitting is generally technically possible but economically
less interesting due to the high initial financial investments and the time required for
permits and authorizations. Financial incentives include any public policy providing a
financial support for installing solar thermal systems. In Europe, two mechanisms have
been used: direct grants/subsidies and tax credits/reductions; those measurements are
to be removed when the technology becomes mature, as demonstrated by the experience
of EU countries with solar thermal such as Greece and Austria and Germany with
photovoltaic: once the solar market is established, this is largely self-sustaining with
hardly any subsidy. In some cases, financial incentives might lead to increased costs as
consequence of increased demand. This effect was experienced in France and in Sweden,
where the cost of solar water heaters started to rise with increasing market penetration
after financial support schemes were adopted as discussed in detail in Refs. [35, 308].
On the other hand, renewable heat and electricity obligations create a predictable
and established growing market for solar projects, leading to an economy of scale in
the manufacturing processes and of the installation and services chain [34]. Obligation
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schemes currently exist in only 21 countries worldwide, some of them in Europe (Fig-
ure 8.8), these set a minimum share of heating demand being covered by a renewable
technology in buildings with a very limited impact on public budget. The experiences
of countries that have adopted solar obligations show that those measures have posi-
tive effects on the voluntary market as well, due to increased awareness, availability of
local installers and architects and by creating economies of scale thus cost reduction
[7, 34]. In most of the cases, solar obligations in Europe are adopted at the local level
(municipalities and regional government) and have been the results of a discussion and
agreement with the local players in the construction business and the community, thus
raising awareness and acceptance.
Regarding regulatory frameworks, the need for authorizations and permits discour-
age potential users of solar energy. The procedures should be quick and transparent,
the public authority should provide a list of technical solutions for the integration of
solar systems to be applicable for as many building as possible. For the case of rented
houses or multifamily blocks, new regulatory frameworks and standards for shared in-
vestments are required. Consequently, investors (such as Energy Service Companies
ESCO) can provide innovative financing models, such as contracting or leasing models,
or can operate the solar plants and sell heat to the user or to the local district heating
utility [309]. Case specific regulatory frameworks and promoting schemes may also be
required. For example, where district heating networks are available [310, 311], the
best way to increase the share of renewable heat is to invest in the network itself by
means of specific financial incentives provided to district heating operators. In conclu-
sion, policies such as obligations and finance schemes for supporting private customers
to access to capital, as well as quick and transparent procedures regarding regulatory
frameworks, are required for developing the solar thermal sector and consequently, of
the PVT market.
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Figure 8.8: Example of support schemes for solar thermal technologies in Europe.
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Chapter 9
Conclusions and future work
The aim of the present project is to gain a better understanding of the operation of
PVT collectors and systems under time varying weather conditions and realistic pro-
files of energy demand with the scope of identifying novel design options that enhance
the energy performance of the collectors and systems. PVT collectors can contribute
substantially to the de-carbonization of the residential and commercial sectors where
a demand for thermal energy and electricity is present at the same time and the avail-
able space for the installation is scarce, but a substantial improvements of the system
efficiency are still required for making the system cost competitive. In order to achieve
the main goal of the project, the following objectives were defined:
• to design and construct an experiment to evaluate the PVT collector sub-model
by testing the performance of real solar collectors under a wide range of realistic
outdoor conditions;
• to use the experimental apparatus to develop and validate a testing-procedure
for PVT collectors that takes into account for different designs;
• to perform a detailed numerical analysis of the thermal and electrical performance
of PVT collectors under a range of solar irradiance conditions, and to extend this
to an annual analysis of a PVT system that generates hot water. The case study
of a single family in the UK was chosen for the analysis;
• to use the model to evaluate a range of PVT collectors and system designs focus-
ing on reducing thermal losses with cover glasses and low-emissivity coating and
on improving the system thermal performance with advanced control strategies;
• to use the system model to evaluate the performance and cost of the system in
the UK climate and to compare the results with existing solar technologies.
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9.1 Summary of thesis findings
It was demonstrated that PVT collectors have a lower thermal efficiency than conven-
tional solar thermal collectors and most of the products available on the market are
unglazed types suitable for low temperature applications, moreover the market for PVT
systems is still small and reliable data available for planners and designers is scarce.
This thesis presented a detailed analysis of the thermal and electrical characteristics of
low-temperature non-concentrated liquid type PVT collectors that was performed by
means of a three-dimensional predictive numerical model and an experimental charac-
terization campaign.
The prediction of the steady state and of the dynamic behaviour of PVT collec-
tors is normally performed with simple quasi-steady lumped numerical models. It was
demonstrated that these models generate inaccurate results when are applied to PVT
collectors that are characterized by a large thermal mass and consequently they re-
quire a detailed characterization of their dynamic response to variation of demand and
weather inputs, that normally occur in real operating conditions. It was also demon-
strated that the use of time-varying input data for performing system performance
prediction should be preferred over time averaged data. The experimental tests were
conducted with an experimental apparatus that was designed and constructed at the
Cyprus University of Technology (Limassol) during the second year of the project.
The test procedure followed the European standards for solar thermal collector testing
EN 12975-2 in outdoor conditions was performed on four panels each of a different de-
sign. The aim of the tests was to identify design parameters that affected the operation
of the PVT collectors under steady state and dynamic operation.
Four types of PVT collectors were tested, a commercial glazed module with c-Si PV,
an unglazed module with 65% covering factor, a glazed module with 65% covering factor
and a glazed PVT module with 100% covering factor. The PVT module has a lower
thermal efficiency than a conventional solar thermal collector of the same geometry
due to the partial conversion of the available energy to electricity, which contributes to
a reduction of thermal efficiency of 10-15%, and due to additional thermal resistance
between the absorber and the fluid. If the PVT module is not laminated onto the metal
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absorber a thermally conductive paste is often applied between them but the extent of
the thermal contact varies greatly with the thermal conductivity of the paste, with the
rigidity of the metal plate and in general with the quality of the installation. Having
a good thermal contact between the PV module and the rear metal plate increases the
thermal efficiency and results in a reduced operating temperature (10 ◦C lower) of the
PV module. This has a beneficial effect on the electrical output, and in the long term
may result in a reduced degradation of the PVT module.
A glass cover was added to an unglazed configuration. This lead to a considerable
decrease of heat losses as expected; on the other hand, the additional reflection and
transmission losses reduced the electrical output by ≈10% compared with the unglazed
configuration. The loss of electrical efficiency due to the variation of the glass transmit-
tance with the sun incidence angle is more severe than the deterioration of the electrical
efficiency with operating temperature in the range of temperatures in domestic appli-
cations, thus the use of high transmittance glass or tracking is highly recommended for
maximising the electrical output of the installation. It is calculated that the reduction
of the electrical efficiency with the incidence angle is 20% when the glass transmittance
varies from 0.80 to 0.85 (between 10:40 am and 1.20 pm).
The tests on dynamic response to step variation of weather input data show that the
heat capacity calculated with the weighting method is 2− 5 times lower than the same
value obtained experimentally. Moreover, the values of the experimental effective heat
capacity are found to be sensitive with the flow rate and with the irradiation stability
(cloudiness) and the tests are hardly repeatable, thus should be performed under a
very controlled environment. Performing steady state and dynamic tests according to
EN 1275-2 requires at least 5− 6 days of clear sky conditions and there is a need for
reducing the time and effort required for the full characterization of the steady state
and dynamic performance of solar collector testing. A detailed dynamic-numerical
predictive model validated with experimental data might be used for reducing the days
needed for these characterization. A final note on experimental characterization of
PVT collectors is that the thermal efficiency should be measured with an accuracy of
less than 10% and a precision power tracking device should be used as small variation in
operating voltage will lead to a large variation in electrical power output, consequently
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compromising the quality of the thermal characterization of the PVT module.
This thesis introduces the use of a detailed three-dimensional dynamic numerical
model of a PVT collector that evaluates the thermal and electrical efficiency of different
collector designs. This model was used for the estimation of the annual thermal and
electrical energy outputs generated by a domestic system that operates in the UK
using time-varying weather conditions. The model uses real weather input-data at high
resolution and a high-resolution profile of domestic hot-water demand obtained with
the software DHWcalc. One of the conclusions of this work concerns the requirement
of using real input-data at high resolution for the correct estimation of the yearly and
monthly performance of the system, as opposed to averaged data, especially if a novel
control strategy that can adjust the system’s outputs in response to varying demands is
to be designed. It has been shown that the use of time-averaged climate data results in
an overestimation of the thermal production of 25% of the electrical output and of the
thermal output (climate data for the year 2014-2015 are used in the present analysis).
A quasi-steady model determines a wrong estimation of the system performance when
time-varying input at 1-minute resolution are used.
A major improvement of 26%− 35% of the annual thermal output was obtained on
the system performance after changing the controller settings. Two types of controllers
were analysed: an on-off controller with fixed flow-rate and activation temperature, and
a variable flow-rate controller which maximises the collector temperature. The best
differential controller was found to operate the system at low flow-rate (0.002 kg/s m2)
and low activation temperature (2 K) as these settings allow for the best operation
during cloudy days while high flow-rates are preferred in sunny days with stable irra-
diance. The on-off controller with the most classical arrangement of 0.02 kg/s m2 (as
suggested by most of manufacturer and in EN 12975-2) and an activation temperature
of 10 K provides 10% less energy than the same system operating at 0.002 kg/s m2
and an activation temperature of 2 K. A proportional controller that maximises the
collector outlet temperature allows the system to operate at its best during cloudy or
overcast days resulting in an annual improvement of the solar fraction of 35% compared
with the classic arrangement of thermostat controller. The performance of the solar
system are also limited by other design parameters, such as the maximum allowable
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tank temperature , the tank volume and the arrangement of the collector array. For
example, a sunny day was selected when 63% of the thermal demand is required during
the night or in periods of low irradiance, consequently the daily performance cannot be
improved substantially with changing the controller settings. A combination of opti-
mized controller strategy with prior knowledge of the weather conditions and thermal
demand profile, together with an optimize design of the hot water tank and the collec-
tor array arrangement may determine a substantial improvement of the performance
of the solar system making the installation cost effective.
A techno-economic analysis of a PVT system was also performed and the results
were compared with the performance of a combination of PV array and solar ther-
mal system installed side by side (PV/Thermal system). The two systems were sized
for maximising the energy output from the same roof area available and covering a
minimum of 30% of thermal energy demand. A solar PVT system with the collec-
tor specifications of the modules available on the market generates roughly the same
amount of energy and covers a thermal fraction of 30% while the PV/Thermal system
consisting of a 4 m2 covers 46% of the demand for heat. The two systems generate
roughly the same amount of energy but the capital costs of the components is 20%
higher for the PVT system due to very high cost of the collectors. High capital costs
constitute the primary barrier for the market adoption of solar PVT systems, and the
cost competitiveness of current PVT systems available on the market is limited by
the lower thermal efficiency of the modules compared with conventional cheaper solar
thermal collectors. The use of high efficiency PVT collector with low emissivity coating
that improves the thermal efficiency can lead to an increase of the thermal fraction up
to 60% thus reducing the levelised cost of the thermal energy generated from 73 p/kWh
to 36 p/kWh assuming the same system investment costs.
Solar cells for PVT applications can be specifically designed to increase the thermal
performance of the module while maintaining a high electrical efficiency when a low
emissivity coating is applied. It has been shown that if the emissivity of the solar cell
is reduced, the thermal output of the PVT system can increase with almost no loss in
the electrical output due to the low temperature of operation of the non-concentrated
solar-thermal system. This result suggests that further reduction of the emissivity of
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the solar cells for PVT applications has the potential to enhance the performance of
the whole system.
9.2 Future work
Several areas of further work have been highlighted as a result of this project. These
include investigations into alternative system configurations incorporating thermal stor-
age or hybridisation with supplementary heat sources, combined heat/cooling and
power generation with PVT collectors coupled to thermal reversible cooling and heat-
ing cycles. Polygeneration systems may improve the cost competitiveness of the PVT
systems by consuming all the energy generated on site and decreasing the need of using
fossil fuels. High-efficiency and high temperature PVT collectors can also be coupled
with organic Rankine cycles for the generation of power and hot water at the same
time making use of a high temperature thermal storage. During the thesis, an exper-
imental testing apparatus of a small scale organic Rankine cycle (ORC) of 1 kW was
also designed and built to operate at a driving temperature of 120 ◦C and preliminary
tests performed to assess the of performance of the ORC during start-up and part load
conditions [312].
This work did not consider the benefits of thermal storage in detail, however it was
demonstrated that the management of the thermal store influences greatly the annual
thermal fraction. Consequently, a more detailed investigation of the thermal storage
and control strategies that maximise the system thermal output should be performed.
A further investigation of the potential enhancement of the thermal performance
of PVT collectors with low emissivity solar cells should be performed with specific
tests on solar cells and with outdoor tests of PVT collectors featuring coated cells. An
evacuated chamber that allows the testing of solar cells in a controlled environment has
been designed and built (Figure 9.1), it allows for the measurement of the temperature
achievable in conditions of suppressed convective losses and without active cooling of
the solar cells, and of the measurement of the heat flux when active cooling is in place
as shown in the schematic reported in Figure 9.1d. The chamber can be tested under
a solar simulator (Figure 9.1a) with a known characteristic of the spectral irradiance,
it features a glass window (Figure 9.1c) and several temperature measurements can
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Heat loss
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e)
Figure 9.1: a) Solar simulator; b) Front view of the vacuum chamber designed and
built for testing solar cells; c) lid of the chamber with glass window; d) schematic of
the vacuum chamber designed for testing solar cells with low emissivity coating; e)
CFD model of the evacuated chamber.
be taken inside the chamber in order to monitor the cell temperature, the wall and
ambient temperature. A CFD predictive model was also developed in Comsol as shown
in (Figure 9.1e).
Other than the thermal and electrical characterization of the coated solar cells, two
PVT modules from Naked Energy with ITO-coated solar cells and conventional solar
cells will be tested in order to compare experimentally the thermal efficiency of the
two designs in outdoor conditions. A testing apparatus was built at the Department of
Chemical Engineering (Figure 9.2) that allows for testing the collectors in a closed-loop
system for steady-state and dynamic collector characterization. Tests on stagnation
temperature and step change of incident irradiance will be performed in order to eval-
173
CHAPTER 9. CONCLUSIONS AND FUTURE WORK 9.2
uate the resilience of the solar cells laminated on the thermal absorber in evacuated
collector designs when the collectors operate at high temperatures and are subjected
to temperature cycling and temperature stress.
a)
b)
Figure 9.2: a) Pump station of the experimental apparatus for solar collector testing at
the Department of Chemical Engineering, Imperial College London; b) Virtu collector
installed for testing.
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A Numerical scheme
Start
Set input parameters:
- Geometrical parameters
- Thermo physical properties
- Constant optical properties
- Numerical parameters Nx, Ny, Nt, dt etc. 
Set boundary conditions G(t+1), Ta(t+1), uw(t+1), Tf-i(t+1), ml(t+1) 
Set initial conditions at time t: [T(t)]
Set guess initial temperature at time t+1 [T(t+1)]  
Calculate heat transfer coefficients and thermo physical properties
Solve matrix of energy balance equation 
d𝐸
𝑑𝑡
− 𝐸 𝑇guess 𝑡 + 1 = 0
Calculate (Tf-o(t)-Tt(t))
Calculate the control parameter  𝑚c(t+1) based on control strategy for (Tf-o(t)-Tt(t))
Update 
[𝑇guess]
Check [  𝐸 − 𝐸(𝑡 + 1)] <10-9
Update [T(t+1)] with the values of  [𝑇guess]
Calculate outputs:
- T(t+1)
- Energy provided
- Electricity generated 
- Collector efficiency 
Update 
[T(t)] = [T(t+1)]
Next iteration, t=t+1
Matlab fsolve algorithm
YES
NO
Figure A1: Numerical iteration scheme for calculating the collector temperature from
initial conditions.
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B Experimental tabulated data
B.1 Powertherm module (M1) steady state tests
Table B1: Thermal steady state test on Powertherm collector (M1) with PV discon-
nected - measured quantities shown in Figure 5.3.
Test Nr G Ta Tf-i Tf-o V˙c ηTH
(W/m2) (◦C) (◦C) (◦C) (L/min) (%/100)
1 1072 23.49 20.17 25.36 1.734 0.413
2 1076 23.30 20.20 25.45 1.734 0.416
3 1078 23.71 20.19 25.48 1.734 0.417
4 1079 24.57 20.24 25.57 1.734 0.420
5 1058 25.18 39.98 44.19 1.734 0.334
6 1052 25.59 40.02 44.19 1.734 0.332
7 1049 25.32 39.97 44.15 1.734 0.333
8 1040 25.41 39.98 44.12 1.734 0.333
9 1039 28.74 60.45 63.52 1.734 0.249
10 1038 28.99 60.45 63.55 1.734 0.251
11 1034 29.40 60.47 63.58 1.734 0.252
12 1034 29.69 60.48 63.61 1.734 0.254
13 998 27.34 79.47 81.13 1.734 0.141
14 1013 27.38 79.51 81.18 1.734 0.141
15 1008 26.89 79.46 81.14 1.734 0.142
16 1003 26.83 79.45 81.12 1.734 0.141
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Table B2: Thermal steady state test on on Powertherm collector (M1) with PV dis-
connected - uncertanties of measured and derived quantities shown in Figure 5.3.
Test Nr u(G) u(Ta) u(Tf-i) u(Tf-o) u(V˙c) u(ηTH)
(W/m2) (◦C) (◦C) (◦C) (L/min) (%/100)
1 8 0.53 0.04 0.07 0.006 0.007
2 2 0.80 0.06 0.04 0.007 0.006
3 2 0.57 0.06 0.06 0.007 0.007
4 5 0.35 0.08 0.05 0.006 0.008
5 5 0.41 0.04 0.06 0.004 0.006
6 4 0.34 0.02 0.02 0.003 0.003
7 3 0.56 0.07 0.07 0.004 0.008
8 8 0.41 0.03 0.03 0.004 0.004
9 3 0.40 0.02 0.04 0.003 0.004
10 4 0.72 0.04 0.04 0.004 0.005
11 5 0.38 0.04 0.03 0.003 0.004
12 7 0.20 0.03 0.02 0.003 0.003
13 42 0.58 0.07 0.07 0.004 0.011
14 4 0.60 0.08 0.09 0.003 0.010
15 5 0.55 0.06 0.04 0.004 0.006
16 13 0.24 0.08 0.06 0.004 0.009
Table B3: Thermal steady state test on Powertherm collector (M1) with PV connected
- measured quantities shown in Figure 5.3.
Test Nr G Ta Tf-i Tf-o V˙c ηTH
(W/m2) (◦C) (◦C) (◦C) (L/min) (%/100)
1 1059 26.44 23.70 28.39 1.748 0.377
2 1059 26.13 23.66 28.24 1.748 0.367
3 1071 25.77 33.31 37.55 1.724 0.330
4 1058 26.63 43.43 46.95 1.729 0.277
5 1051 26.51 53.75 56.58 1.726 0.224
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Table B4: Thermal steady state test on on Powertherm collector (M1) with PV con-
nected - uncertanties of measured and derived quantities shown in Figure 5.3.
Test Nr u(G) u(Ta) u(Tf-i) u(Tf-o) u(V˙c) u(ηTH)
(W/m2) (◦C) (◦C) (◦C) (L/min) (%/100)
1 3 0.22 0.02 0.07 0.002 0.006
2 3 0.30 0.01 0.03 0.002 0.003
3 2 0.17 0.02 0.05 0.002 0.004
4 6 0.14 0.02 0.02 0.002 0.003
5 7 0.19 0.04 0.03 0.003 0.004
B.2 Unglazed module (M2U) steady state tests
Table B5: Thermal steady state test on unglazed collector (M2U) - measured quantities
shown in Figure 5.4.
Test Nr G Ta Tf-i Tf-o V˙c ηTH
(W/m2) (◦C) (◦C) (◦C) (L/min) (%/100)
1 803 34.50 27.74 30.72 1.91 0.37
2 819 33.24 28.76 31.71 1.91 0.36
3 858 30.67 35.88 38.03 1.91 0.25
4 843 31.09 36.68 38.75 1.91 0.24
5 908 30.63 39.52 41.65 1.91 0.23
6 908 31.03 39.57 41.64 1.91 0.23
7 903 31.96 45.18 47.73 1.91 0.23
8 909 31.23 45.35 47.66 1.91 0.21
9 904 32.03 52.12 53.34 1.91 0.11
10 898 32.64 52.38 54.02 1.91 0.15
11 894 33.26 57.07 58.12 1.91 0.10
12 888 32.84 57.58 58.56 1.91 0.09
13 874 33.00 62.11 62.22 1.91 0.01
14 865 33.13 62.31 62.54 1.91 0.02
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Table B6: Electrical test on unglazed collector (M2U) shown in Figure 5.5.
G Ta Ti ηEL PMPP IMPP UMPP ISC UOC
(W/m2) (◦C) (◦C) (%/100) (W) (A) (V) (A) (V)
803 34.50 27.74 0.07 85.3 1.2 71.9 1.3 89.9
843 31.09 36.68 0.07 90.0 1.3 70.7 1.4 88.9
908 30.63 39.52 0.06 92.4 1.3 69.2 1.5 87.7
909 31.23 45.35 0.06 93.2 1.4 68.8 1.5 87.1
904 32.03 52.12 0.06 92.1 1.3 68.7 1.5 86.8
894 33.26 57.07 0.06 89.3 1.3 67.9 1.5 86.0
874 33.00 62.11 0.06 87.3 1.3 67.5 1.4 85.6
Table B7: Thermal steady state test on unglazed collector (M2U) - uncertanties of
measured and derived quantities shown in Figure 5.4.
Test Nr u(G) u(Ta) u(Tf-i) u(Tf-o) u(V˙c) u(ηTH)
(W/m2) (◦C) (◦C) (◦C) (L/min) (%/100)
1 12 0.35 0.17 0.19 0.07 0.05
2 10 1.32 0.55 0.45 0.07 0.09
3 11 0.33 0.19 0.21 0.07 0.04
4 10 0.26 0.26 0.26 0.07 0.05
5 10 0.47 0.16 0.19 0.07 0.04
6 10 0.50 0.17 0.17 0.07 0.03
7 10 0.46 0.20 0.23 0.07 0.03
8 10 0.39 0.17 0.19 0.07 0.02
9 10 0.46 0.17 0.29 0.07 0.03
10 11 0.60 0.28 0.26 0.07 0.04
11 10 0.63 0.20 0.22 0.07 0.03
12 10 0.44 0.22 0.24 0.07 0.03
13 10 0.48 0.29 0.29 0.07 0.04
14 11 0.47 0.26 0.27 0.07 0.04
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B.3 Glazed module (M2G) steady state tests
Table B8: Thermal steady state test on glazed collector (M2G) - measured quantities
shown in Figure 5.4.
Test Nr G Ta Tf-i Tf-o TPV V˙c ηTH
(W/m2) (◦C) (◦C) (◦C) (◦C) (L/min) (%/100)
1 668 37.72 32.09 35.50 75.81 1.96 0.43
2 687 38.01 32.65 36.03 75.98 1.96 0.42
3 722 38.26 39.01 42.65 79.06 1.96 0.43
4 709 37.94 39.51 42.82 78.06 1.96 0.39
5 740 37.75 41.74 44.99 80.91 1.96 0.37
6 749 37.62 41.79 45.23 82.02 1.96 0.39
7 769 38.37 46.30 49.59 83.89 1.96 0.36
8 780 38.20 46.48 50.08 85.64 1.96 0.39
9 800 38.23 51.30 54.71 88.28 1.96 0.36
10 807 38.26 51.58 55.20 89.46 1.96 0.38
11 820 38.72 56.36 59.70 91.21 1.96 0.34
12 826 38.30 56.49 60.02 92.51 1.96 0.36
13 837 38.68 61.38 64.82 95.44 1.96 0.35
14 833 38.37 61.41 64.53 94.71 1.96 0.31
15 841 38.70 66.17 69.70 97.75 1.96 0.35
16 839 38.55 66.18 69.60 97.31 1.96 0.34
17 843 38.76 75.52 78.67 100.14 1.96 0.31
18 843 38.76 75.75 79.04 100.78 1.96 0.33
Table B9: Electrical test on glazed collector (M2G) shown in Figure 5.6.
G Ta Ti ηEL PMPP IMPP UMPP ISC UOC
668 37.72 32.09 0.045 48.5 0.8 61.2 1.0 80.5
709 37.94 39.51 0.049 57.5 0.9 63.7 1.1 81.7
740 37.75 41.74 0.051 62.2 1.0 64.2 1.1 81.1
769 38.37 46.30 0.052 65.5 1.0 63.7 1.2 80.5
800 38.23 51.30 0.052 68.3 1.1 61.9 1.2 79.3
820 38.72 56.36 0.052 69.3 1.1 61.1 1.3 78.6
833 38.37 61.41 0.051 69.4 1.2 60.1 1.3 77.6
843 38.76 75.52 0.050 68.8 1.2 59.3 1.3 76.6
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Table B10: Thermal steady state test on glazed collector (M2G) - uncertanties of
measured and derived quantities shown in Figure 5.4.
Test Nr u(G) u(Ta) u(Tf-i) u(Tf-o) u(TPV) u(V˙c) u(ηTH)
(W/m2) (◦C) (◦C) (◦C) (◦C) (L/min) (%/100)
1 12 0.49 0.16 0.20 0.75 0.14 0.05
2 11 0.35 0.26 0.27 0.73 0.14 0.06
3 11 0.32 0.21 0.18 0.76 0.14 0.05
4 11 0.33 0.20 0.25 0.59 0.14 0.05
5 10 0.42 0.22 0.27 0.60 0.14 0.05
6 10 0.34 0.20 0.20 0.66 0.14 0.04
7 10 0.41 0.25 0.38 0.61 0.14 0.06
8 11 0.38 0.19 0.19 0.91 0.14 0.04
9 10 0.45 0.22 0.26 0.58 0.14 0.04
10 10 0.33 0.19 0.20 0.77 0.14 0.04
11 10 0.54 0.19 0.24 0.59 0.14 0.04
12 10 0.50 0.18 0.19 0.81 0.14 0.04
13 10 0.46 0.17 0.24 0.75 0.14 0.04
14 10 0.57 0.18 0.32 0.58 0.14 0.04
15 10 0.37 0.18 0.23 0.70 0.14 0.04
16 10 0.46 0.20 0.18 0.64 0.14 0.04
17 10 0.48 0.21 0.35 0.61 0.14 0.05
18 10 0.29 0.17 0.19 0.58 0.14 0.03
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B.4 Glazed module (M2G) with grease steady state tests
Table B11: Thermal steady state test on glazed collector (M2G) after grease application
- measured and derived quantities shown in Figure 5.10.
Test Nr G Ta Tf-i Tf-o TPV V˙c ηTH
(W/m2) (◦C) (◦C) (◦C) (◦C) (L/min) (%/100)
1 887 29.41 29.41 37.91 63.83 1.88 0.38
2 895 29.12 29.12 39.04 70.76 1.88 0.41
3 895 29.12 29.12 39.04 70.76 1.88 0.41
4 890 29.15 29.15 46.09 77.43 1.88 0.40
5 882 29.81 29.81 50.73 79.27 1.88 0.37
6 875 29.80 29.80 51.04 80.13 1.88 0.38
7 838 32.12 32.12 55.40 80.44 1.88 0.37
8 852 30.46 30.46 55.51 80.60 1.88 0.34
9 741 31.22 31.22 55.08 75.70 1.88 0.34
10 718 31.43 31.43 55.24 72.58 1.88 0.32
11 812 32.88 32.88 59.48 80.52 1.88 0.31
12 791 33.05 33.05 59.48 80.51 1.88 0.32
13 793 30.44 30.44 60.00 81.25 1.88 0.31
14 772 30.52 30.52 59.59 78.55 1.88 0.27
15 748 33.73 33.73 63.29 81.05 1.88 0.32
16 720 33.21 33.21 63.36 80.25 1.88 0.24
17 835 31.32 31.32 69.20 89.17 1.88 0.26
18 828 30.84 30.84 68.82 86.43 1.88 0.21
19 677 32.61 32.61 70.64 79.42 1.88 0.06
20 652 32.93 32.93 71.41 79.40 1.88 -0.04
21 849 31.00 31.00 76.43 92.99 1.88 0.13
22 846 30.62 30.62 76.88 95.04 1.88 0.11
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Table B12: Electrical test on glazed collector (M2G) after grease application shown in
Figure 5.10.
G Ta Ti ηEL PMPP IMPP UMPP ISC UOC
882 29.81 46.74 0.06 74.7 1.1 64.7 1.3 82.5
812 32.88 56.33 0.05 63.8 1.0 64.3 1.1 80.9
677 32.61 70.17 0.04 44.4 0.7 60.2 0.9 79.0
718 31.43 52.33 0.05 59.0 0.9 63.5 1.1 82.3
772 30.52 57.00 0.05 66.8 1.0 64.3 1.2 81.3
828 30.84 66.67 0.05 70.5 1.1 62.1 1.3 79.3
849 31.00 75.03 0.05 70.2 1.2 60.3 1.3 77.6
Table B13: Thermal steady state test on glazed collector after grease application (M2G)
- uncertanties of measured and derived quantities shown in Figure 5.10.
Test Nr u(G) u(Ta) u(Tf-i) u(Tf-o) u(TPV) u(V˙c) u(ηTH)
(W/m2) (◦C) (◦C) (◦C) (◦C) (L/min) (%/100)
1 10 0.73 0.20 0.29 1.67 0.08 0.04
2 10 0.72 0.23 0.33 1.52 0.08 0.04
3 10 0.72 0.23 0.33 1.52 0.08 0.04
4 10 0.72 0.16 0.19 0.75 0.08 0.03
5 11 0.79 0.17 0.21 0.66 0.08 0.03
6 10 0.80 0.22 0.22 0.76 0.08 0.03
7 11 1.07 0.36 0.22 0.63 0.08 0.04
8 10 0.88 0.18 0.18 0.69 0.08 0.03
9 11 0.80 0.17 0.19 0.96 0.08 0.03
10 11 0.71 0.17 0.21 0.73 0.08 0.03
11 12 0.82 0.19 0.23 0.63 0.08 0.03
12 12 0.69 0.17 0.18 0.63 0.08 0.03
13 11 0.70 0.19 0.19 0.91 0.08 0.03
14 11 0.66 0.19 0.30 0.68 0.08 0.04
15 12 0.71 0.97 0.88 0.76 0.08 0.14
16 11 0.69 1.02 0.69 0.59 0.08 0.14
17 10 0.67 0.18 0.17 0.91 0.08 0.03
18 10 0.77 0.24 0.35 0.71 0.08 0.04
19 13 0.68 0.23 0.21 0.69 0.08 0.04
20 12 0.82 0.68 0.91 0.65 0.08 0.14
21 10 0.72 0.23 0.35 0.63 0.08 0.04
22 10 0.68 0.24 0.26 0.63 0.08 0.03
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B.5 Fully covered module (M3) steady state tests
Table B14: Thermal steady state test on fully covered glazed collector (M3) - measured
and derived quantities shown in Figure 5.11.
Test Nr G Ta Tf-i Tf-o V˙c ηTH
(W/m2) (◦C) (◦C) (◦C) (L/min) (%/100)
1 816 28.6 33.1 37.3 1.31 0.44
2 814 28.9 33.4 37.4 1.31 0.41
3 864 28.1 43.6 46.9 1.31 0.36
4 885 29.0 52.7 55.6 1.31 0.27
5 844 29.0 60.1 62.0 1.31 0.19
6 780 28.5 61.7 61.3 1.31 -0.06
Table B15: Electrical test on fully covered glazed collector (M3).
G Ta Ti ηEL PMPP IMPP UMPP ISC UOC
922 28.26 28.42 0.10 78.0 1.1 68.72 1.5 86.09
889 28.27 37.58 0.09 73.9 1.1 68.38 1.5 85.25
867 28.15 43.48 0.09 69.7 1.0 67.93 1.5 84.31
843 28.50 49.34 0.08 58.4 0.9 66.25 1.4 82.51
782 28.52 61.75 0.10 82.2 1.2 68.53 1.5 86.42
Table B16: Thermal steady state test on glazed fully covered collector (M3) - uncer-
tanties of measured and derived quantities shown in Figure 5.11.
Test Nr u(G) u(Ta) u(Tf-i) u(Tf-o) u(V˙c) u(ηTH)
(W/m2) (◦C) (◦C) (◦C) (L/min) (%/100)
1 13 0.7 0.2 0.1 0.17 0.03
2 15 0.7 0.2 0.1 0.17 0.03
3 11 0.6 0.1 0.1 0.17 0.05
4 13 0.7 0.2 0.2 0.17 0.03
5 14 0.7 0.2 0.2 0.17 0.03
6 10 0.6 0.2 0.2 0.17 0.03
214
